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It is now widely appreciated that the electronic microcircuit is a 
device with immense implications for professional and domestic life. The 
current trend towards diminishing the size of individual active components, 
i 	and thereby increasing the number of such components on ..a device of a 
given area, makes it difficult to test such circuits adequately. Internal 
circuit nodés have become inaccessible to the tester as traditional 
mechanical probing techniques are not only incapable of coping with the 
increasingly small dimensions, but also disturb the circuit operation by 
imposing. an unacceptable capacitive, load. New methods of testing are 
thus essential. 
This thesis gives details of experimental work. done with a view to 
modifying a scanning electron microscope (SEM) to make accurate measure-
ments of potentials on microcircuit conductor tracks. Relevant features 
of the operation of the SEM are reviewed, and the important characteristics 
an instrument must possess if. it is to be suitable for this type of work 
are identified. 
Recent literature on' the. subject is reviewed, and details are 
presented of several prototype systems from which much:usefulinformatiOn 
was obtained. This information is used to define a final system with 
which a measure of experimental success was achieved. . Details of this 
system are given, and experimental results are presented. 
A number of developments which could usefully be made to the system 
are suggested, and more general aspects of the application of the SEM to 
microcircuit testing. are reviewed, with particular emphasis on the 
monitoring of fast voltage waveforms, and on the means of displaying the 
measured results. 
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CHAPTER I: INTRODUCTION TO THESIS 
It is now widely appreciated both in the scientific community and among 
the general public that the electronic microcircuit, or integrated circuit, is now 
beginning to fundamentally affect many aspects of daily life in the home, in 
the factory, and in the research laboratory, and that the extent of this influence 
will grow over the next many years. This document seeks to investigate one 
particular aspect of the electronic microcircuit, namely the means whereby this 
type of device may be examined with a view to characterising its electrical 
properties, and where appropriate, to discovering the cause of some failure 
where it has occurred. 
Microcircuits are now produced in immense numbers, and form the hearts 
of many different systems at many different levels. Perhaps the most trivial 
of these levels is epitomised by the 'television tennis' game, where, by courtesy 
of a microcircuit, people may convert their home television set into a simulated 
tennis court, with electronic ball and bats. 	At the opposite extreme, the vast 
majority of banks now maintain records and conduct business and transactions 
using integrated circuit based computers; the financial affairs of the entire 
community are therefore coming to rely on the microcircuit for their speed 
and accuracy. Clearly, then, this extraordinarily important component must 
be produced in such a manner as to ensure that those devices which are installed 
in important business machines are fully functional, well designed and thoroughly 
tested, and that the environment in which these devices are placed will not 
induce premature failure of the components. 
But components do fail, and yields of functional devices are frequently as 
low as 5% of the total number produced. Must this be accepted as part and 
parcel of the production and use philosophy of the microcircuit, or can some 
action be taken to improve this clearly unsatisfactory situation? 
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With the comparatively low costs of microcircuit production it is clearly 
tempting for device manufacturers simply to discard those devices which are 
either 'still born' (ie, fail even the first functional tests) or those which fail 
either at some stage of the testing procedure or in their working environment. 
But this, in certain circumstances, will be unacceptable. What happens, for 
instance, if a new device is designed, and the first prototype batch to be 
produced does not work? Or, what happens if a production process is 
running smoothly with a conventional yield factor, which suddenly and in-
explicably drops to zero; or if a particular microcircuit, installed in a 
particular piece of equipment fails regularly, and for no immediately obvious 
reason? 
The main implication of the above questions must be that some means 
must be found of examining the failed devices, in the hope of discovering the 
exact cause of the failure, so that appropriate remedial action, either at some 
stage of the process, or in the fundamental design of the device, or in the 
environment in which the device spends its working life, may be taken with 
a view to preventing subsequent similar failures. 
This thesis will build, stage by stage, an argument which will be designed 
to show that the scanning electron microscope (SEM) is the instrument which, 
more than any other, has the capacity to examine microcircuit devices and to 
isolate failure mechanisms within their structures. It will be shown that this 
instrument has the capability of examining integrated devices at magnifications 
which are quite beyond the range of any optical microscope, but which must 
be used if the critical features of the device structure are to be observed with the 
necessary resolution. 
In particular, it will be shown in detail that the technique known as 
'voltage contrast' will in the next few years become as invaluable a tool in the 
field of microcircuit failure analysis as the oscilloscope and probe has come to 
be in the associated field of failure analysis on printed circuit boards. Indeed, 
it will be shown that the oscilloscope will perform exactly the same function on 
the microcircuit as it does on the printed circuit board, while the electron beam 
of the SEM provides a means of probing, non--destructively and without 
capacitive loading, the various conductor tracks of the microcircuit. 
2 
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Particular attention will be devoted to the development of a piece of equipment 
which, in its final form, was proved to have the capability of measuring potentials 
on device conductor tracks to an accuracy of approximately 0.5 volts, and it 
will be shown that although this device requires further development, it should 
be capable, with major alterations only to the peripheral pieces of equipment 
surrounding it, of forming the heart of a semiconductor failure analysis system 
which will provide information on both present and future generations of 
microcircuits. 
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CHAPTER 2: THE SCANNING ELECTRON MICROSCOPE 
2.1 INTRODUCTION 
• Since the first commercially available scanning electron microscope 
became available in 1965 the instrument has become immensely popular in 
many diverse fields. Of particular relevance in the context of this thesis 
are its applications to failure analysis on microcircuits, and to quality control 
of microcircuit processing. - Several authors 1 '2 ' 3 have now produced 
authoritative texts on the principles and operation of the SEM, so it is 
inappropriate here to examine the generality of these matters in depth. 
It is, however, desirable to make certain remarks about the instrument in 
general, and to isolate and expand upon certain features.and aspects of the 
instrument which are particularly relevant to the work to be reported in this 
document. 
2.2 THE ELECTRON OPTICAL COLUMN 
The essential features of the electron optical columns of most present-day 
SEM's have changed very little since the days in the late nineteen-fifties and 
early sixties when the team working at Cambridge University under Oatley 
produced the first prototype SEM's, which were to become the basis of the 
first commercially available instruments.. 
Figure 2.2.1 shows the main points of structure and design pertai ning to 
the electron optical column of the instrument used throughout this project. 
At the top of the column will be found an electron source which, in the case 
of the instrument used for this work is a directly heated tungsten hairpin 
filament. This filament forms the cathoof a standard triode electron gun, 
the other elements being the Welinelt and anode electrodes. The cathode and 
Wehnelt are maintained at a negative EHT potential, in the case of this instrument 
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variable continuously from 1kV to 20kV, and the anode and general structure 
of the column are maintained at earth potential for clearly apparent safety 
reasons. 
The electric field inside the gun causes the electrons emitted from the hot 
filament to be focussed into a small crossover near the anode aperture, and 
three electromagnetic lenses focus this crossover down to a spot on the surface 
of a specimen at the bottom of the column. Above each of the lenses is a 
spray aperture. 	By varying the excitation currents of the first two lenses, 
their focal lengths can be adjusted, so that the proportion of the beam current 
flowing from the lens into the following spray aperture, and hence on down the 
column, may be regulated. The excitation current of the third and final 
electron lens is altered so as to produce the smallest possible spot of electrons 
on the surface of the specimen, and hence the best possible focus of the.image. 
It is not surprising that as the current in the electron beam is increased by 
increasing the focal lengths of either of the first two electron lenses, the greater 
number of electrons present result in the beam having a larger cross -sectional 
area. Consequently, the minimum achievable size of spot on the specimen 
rises and resolution is lost. The decrease in resolution is, however, accompanied 
by an increase in the numbers of electrons leaving the specimen and therefore 
available for collection. 	Methods of collection and their significance will be 
discussed in Section 2.3, dealing with the specimen stage. 
Other features of the electron optical column which must be briefly mentioned 
are the scan coils and stigmator coils. The former are fed with appropriate 
deflection currents, the source of which will be discussed briefly in Section 2.4, 
dealing with the electronic systems of the SEM. When the scan coils are 
energised by these deflection currents, the focused spot on the specimen is caused 
to scan a raster on the specimen surface, ie, it is deflected quickly in one direction 
(x-direction, say) and slowly in an orthogonal direction (y-direction, say) so that 
over a period of time a certain square area is covered. The deflection currents 
may be set to a maximum value, giving maximum deflection j or may be. attenuated 
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to give less deflection, resulting in the scanning of a smaller area. The 
display tube of the SEM will be dealt with in Section 2. 4, but it is convenient 
to mention at this point that the display remains constant in size, and that 
the magnification given by the instrument is altered by changing the size of 
the scanned area on the specimen, the magnification being the ratio of the 
area of the display to the area scanned on the specimen. The time to scan 
one raster was variable on the machine used from 0.1 seconds to four seconds. 
The implications of varying this time will be discussed in a later section. 
The stigmator coils are used for correcting any distortion of the beam which 
may result from stray fields in the column due perhaps to the build-up of dirt 
over a period of time. If such dirt is allowed to build up, it may accumulate an 
electric charge by gathering stray electrons from the beam, and the stray fields 
due to this type of effect can be quite considerable and troublesome. The 
octupole stigmator coils produce a magnetic field whose strength and direction 
may be varied so as to distort the primary beam in such a way as to compensate 
for distortions due to spurious electric fields. 
2.3 THE SPECIMEN CHAMBER 
Although it might a first sight appear that the specimen chamber is simply 
that volume at the bottom of the electron optical column in which the specimen 
is mounted, and should therefore be treated simply as part of the column, several 
factors which will be important throughout this thesis can best be illustrated at 
this stage by special consideration of the specimen chamber as a separate entity. 
The first of these is the mounting of the specimen. 
Figure 2.3.1 is a schematic illustration of the specimen chamber in its standard 
form. Here, the specimen has essentially five degrees of freedom. It may be 
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may have its distance from the final lens pole-piece altered (z-direction). 
The distance from the final lens pole-piece to the specimen is known as the 
'working distance'. This expression will be used throughout this thesis when 
referring to this spacing. 
The two other degrees of freedom afforded to the specimen are those of 
being rotated about its own central axis, and of having the angle subtended 
between its surface plane and the electron optical axis of the column altered. 
In the work of this project, it was found to be necessary to dispense with these 
latter two facilities. Chapter 4, dealing in detail with the modifications made 
to the specimen chamber during this work, will explain this more fully. For 
the present, it is sufficient to say that the requirements of accommodating 
packaged microcircuits within the specimen chamber were found to be 
inconsistent with the retention of the rotation and tilt facilities. The x-. 
y- and z-movements were, however, retained and were invaluable throughout 
this work. 
The other important component in the specimen chamber is the electron 
collector. The collector system shown in Figure 2.3.1 is that which was first 
reported 1y Thornley and Everhart 4 , and which has now become the standard 
type of collector to be supplied with each new SEM. Its operating, principles 
can be quite easily understood by referring to the diagram. Electrons leaving 
the surface of the specimen are attracted towards the collector cage by its 
positive potential of about 250V, the value varying from one SEM to another.. 
Having been attracted into the correct area by this modestly. positive potential, 
electrons are powerfully accelerated on to the scintillatorwbich is held at 
approximately +12k V. The light which is generated by this prôcess.is guided 
by the light pipe to a window in the wall of the specimen chamber;:on the other 
side of which is a photomultiplier which converts the light into an electrical 
signal whose amplitude is proportional to the intensity of the light input, and 
hence to the number of electrons originally intercepted by the scintillator. 
Collection of electrons by this means results in a very high-quality, noise.free 
L!J 
signal. However, during the course of this work it was found to be necessary 
to dispense with this type of collector and to substitute a rather more simple 
system which did not require the high voltages needed by the conventional 
system. Nevertheless, some of the points made above will be relevant in 
Section 2.6, dealing with secondary electron emission. 
2.4 THE ELECTRONICS OF THE SEM 
The Cambridge Instruments Series 2 SEM which was used for this work was 
operated for the most part by valve-based electronics. Power supplies, 
providing stabilised voltages and currents for such things as the electron gun 
EHT, the cathode ray display tube EHT and the excitation currents for the 
electromagnetic lenses in the electron optical column need no further mention, 
save perhaps to note that the latter were quite susceptible, depending on their 
settings, to exhibit a tendency to be affected by interference at mains (50Hz) 
frequency. The exact source of this interference within the lens supplies was 
never found, but it was found to be necessary to bear in mind that 50Hz inter-
ference on the output signal from the microscope might very well be coming 
from this source. This matter was of particular significance during the latter 
stages of the project, when the nature of the waveform coming from the micro-
scope was of immense importance. This point will be re-emphasised later in 
the discussion of results. 
The part of the electronic system which must be mentioned at this point 
is the scan generator, which, like the rest of the electronics is valve-based. 
This unit produces the sawtooth waveforms which the microscope uses to deflect 
the electron beams both in the electron optical column and in the display tubes. 
Since the output from the scan generator is fed to a scan amplifier, and hence 
directly and simultaneously to scan coils in the column and in the. display tube, 
the perfect synchronisation of the scans in column and tube is ensured. 
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Hence, the position of the spot on the face of the display tube is an exact 
analogue of its position on the specimen surface. The video image appearing 
on the display tube is obtained by using the signal from the photomultiplier, 
mentioned in the previous section, to modulate the brightness of the spot in 
the display tube as it scans across the surface of the screen. Hence the 
brightness of the spot at any point on the display screen is determined exactly 
by the number of electrons collected from the equivalent point on the specimen 
surface. 
Two most useful features of the scan generator are worthy of special mention. 
These are the facilities of varying the speeds of both the fast horizontal 
deflection (the line speed) and the slow vertical deflection (the frame speed) and 
of being able to disable both line and frame scans, leaving only DC currents, and 
consequently the strengths of the steady magnetic fields produced by the 
deflection coils, and the amounts of static deflection of the beams in tube, and 
column, can be controlled by two potentiometers on the front panel of the 
instrument. It is therefore possible, by disabling the scans and guiding the beam 
to a point of interest by using these potentiometers, to use the beam to examine 
that particular point. 	Later chapters will show that this facility was used 
extensively during this work, but it should be pointed out that it has many uses, 
perhaps the most prominent of these in the present day being in X-ray micro-
analysis, which is used to examine the elemental composition of specimens. 
The consequences of varying the speeds of the line and frame scans are of 
some significance in the context of systems for collecting the electrons from the 
specimen. ' it is clear that if the beam moves rapidly across the specimen surface, 
then the speed at which the numbers of electrons collected changes.will also vary 
rapidly, since the basis of the instrument is that each point on the surface emits 
different numbers of electrons, and it is the detection of these changes which 
gives rise to the contrast on the display screen. To make the same statement 
again, but in more technical language, a fast scan speed results in a high-frequency 
video signal. But the possibility 'of an entirely featureless specimen cannot be 
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ruled out, and such a specimen would clearly emit uniform numbers of electrons 
from all points, resulting in a DC video signal, and a display of uniform 
brightness across the entire screen. T1e above facts have distinct implications 
for the amplification systems which are used to convert the very small signal 
due to electrons emitted from the specimen (which may be of the order of 
10 2amp. or even less) into a signal large enough to effectively modulate the 
brightness of the display screen and to produce a useful and recognisable image 
of the specimen, (See also page -94). 
During the course of the work, it was necessary to design and construct a 
high-gain amplifier which was used to amplify directly the small signal from the 
specimen. The reason for dispensing with the standard scintillator collector 
will be dealt with in a later chapter, as will the design and construction of the 
amplifier. it is, however, appropriate to note at the moment that any 
amplifier which is going to be part of the chain between the collector, of 
whatever sort, and the display tube, must, if it is to be capable of producing a 
good quality video image, have a frequency response which is capable of 
handling the video signal frequencies which are a necessary consequence of 
the use of a reasonable scan speed. At thC, same time, an amplifier with avery 
high gain has characteristically a poor frequency response. The amplifier which 
was constructed had a frequency response whose upper limit was about 10kHz, 
this being a considerable reduction on the response of the standard video 
amplifiers incorporated in the microscope, the frequency response of which 
begins to drop at about 100kHz. It was therefore particularly useful to have 
the facility on the front panel of the scan generator to control both line and frame 
scan speeds. Clearly it is the more rapid of these two, ie, the line speed which 
is the critical one, and fortunately it was found that an acceptable setting could 
be found at which the amplifier could cope with the signal frequency, while 
retaining an adequate video image. 
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2.5 EFFECT ON SPECIMEN OF BEAM BOMBARDMENT 
2.5.1 	Potential for Damage 
- The use of the SEM for the examination of a specimen necessitates the 
consequence that the specimen shall be bombarded, perhaps for substantial 
periods of time, by high energy electrons. In the case of the instrument used 
for this work, the electrons could be accelerated by anyth up to 20kV, and 
in many modern instruments 40kV and 60kV are available. The electron beam 
may be focused down to a spot no more than a few nano-metres in diameter, 
in which case the beam current is likely to be no more than a few pico-amps. 
In this case few problems are likely to arise from the power dissipated on the 
specimen surface by the beam. However, if the beam current is turned up to, 
say, I O 7amp., then the possibility arises of a power dissipation in the region 
of a few milli-watts in a spot which will in all probability be less than 1 pm in 
diameter. Potential for damaging the surface is considerable in this case, 
and this is especially true if the beam is stopped at a point on the specimen 
surface and left there for any length of time. It will be shown later that it 
is vital for the purposes of this work that it should be possible to leave the beam 
on a point of interest, perhaps for a matter of some minutes. The above 
considerations clearly indicate that this should be done with caution. 
The work of this project was specifically concerned with the examination of 
microcircuits. The bombardment of these devices by electrons isa matter which 
demands some special consideration. 
2.5.2 Charging Effects 
Most modern semiconductor devices are coated with a layer of silicon 
dioxide. The depositing of this layer is one of the last stages of the manufacturing 
process, and when the deposition has been completed the device has some measure 
of protection from physical damage to its surface. It is therefore less likely, for 
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example, that the process of splitting the original silicon wafer, containing 
probably several hundred circuits, into individual units will result in damage 
to any of those units. Individual devices must also be handled in some way 
during the packaging process, and the oxide layer is again instrumental in 
preventing damage at this time. Clearly, then, the presence of this oxide 
layer is eminently desirable. 	At the same time, however, it poses problems 
for the electron microscopist. 
When high energy electrons in the primary beam of the electron microscope 
strike the surface of a specimen, two basic things can happen to them; they are 
either reflected back from the specimen, or they find themselves attached to 
its surface. It is those in the latter category which are of concern in the 
present context. Under normal circumstances, a specimen in the SEM is 
securely earthed, and care is taken to ensure that those electrons which do 
adhere to the surface of the specimen simply leak away to earth, either through 
the bulk of the specimen, or through a film of gold which is sometimes placed 
by sputtering or vacuum evaporation over the specimen. However, in the case 
-of a semiconductor device, it is undesirable to coat it with a gold film, as this 
cannot easily be removed, and would obscure voltage contrast, not least by 
shorting out the connecting wires, while on the other hand the build-up of a 
significant electric charge, with its consequent electric fields, also carries 
significant danger of device damage In  this context, the "surface" is to~_el 
taken to refer to the flrst fewj micro—meters of a thick bulk spec1me 
In practice, there seems to be no complete or definitive solution to these 
problems. Experience shows, however, that if the current in the primary beam 
is limited to the smallest possible value consistent with good results devices can 
be examined for some minutes without apparent damage. 
A further important parameter in this context is the accelerating voltage 
of the primary beam. Not surprisingly, if a high accelerating voltage is used, 
the electrons, having greater velocity and kinetic energy, penetrate further into 
the bulk of the specimen. This effect has several consequences, but the 
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significant one at the moment is that the use of a suitable accelerating voltage 
can induce just the.right amount of penetration of the surface oxide layer to 
induce in it a certain amount of conductivity, this being the consequence of 
the fairly substantial numbers of free electrons deposited by the beam in the 
bulk of the material. This effect will be shown to have particular consequences 
in the later chapter on voltage contrast, where it will be shown that the results 
which this work has set out to obtain can be satisfactorily achieved only by the 
use of an appropriate accelerating voltage, which has been found to be about 
10kV. 
The bulk of modern semiconductor integrated devices, particularly those of 
the custom-designed large scale integrated (LSI) variety are constructed in some 
variation of the metal-insulator-semiconductor technique. This must necessarily 
be investigated in greater detail at a later stage, but it is worth noting at the moment 
that this form of structure necessitates the use of an insulated gate electrode on the 
basic transistor building block. When examining such devices in the SEM, the 
possibility of the accumulation of beam deposited electrons on such insulated 
gates, resulting in the artificial turn-on (or turn-off) of active devices in the 
circuit or in the rupture of the gate insulator, must be borne in mind. Again, 
the penetration depth of the primary beam, which may well be of the order of 
several microns, is a crucial factor, as is the length of time for which a particular 
area is examined. i 
The various considerations above indicate that damage to circuits, or the 
possibility of obtaining spurious resUlts from them are both very real possibilities. 
Since most of the circuits which will be tested by the techniques developed in 
this project will be required for further use and examination, it is clearly 
desirable that SEM tests of a traditional or specialised nature should be conducted 
with the above considerations in mind, and that the time for which circuits in 
general, and especially particular areas, are examined should be minimised. 
Nevertheless, it should be emphasised that in spite of the undoubted risks to the 
specimen, examination in the SEM is very much less hazardous than mechanical 
probing, so that the wide and increasing use of the SEM for these purposes is 
strongly envisaged. 
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2.6 PRIMARY AND SECONDARY ELECTRONS 
Further chapters of this thesis will emphasise the importance in this work 
of the phenomenon of secondary electron emission. It is therefore 
appropriate at this stage to devote some attention to this and other related 
phenomena. 
It has been established in Section 2.2 dealing with the election optical 
column that a beam of high energy electrons is caused to impinge upon the 
surface of the specimen, and in most applications, to scan over it in raster 
form. Some of the effects on the specimen which this process produces have 
been dealt with in the previous section, but it is also relevant to consider 
emission from the specimen and its implications. When a high energy 
electron beam impinges upon a surface, the following quantities may be given 
off into the free space above it. 
High-energy backscattered electrons 
Low - energy secondary electrons 
X-rays 
Visible-light - 'Cathodoluminescence' 
Although cathodoluminescence can be used to study physical phenomena, such 
as carrier lifetimes in semiconductors, it is not envisaged as a likely source of 
information about working parameters of LSI and similar circuits. X-rays, 
for their part, have a prominent role to play in the examination of semiconductor 
specimens, as they can be used to identify the elemental composition of impurities 
or other observeable defects in the structure, but again they contain no information 
on electrical working parameters. 
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Secondary electron emission 5 has been accepted as a recognisable and useful 
phenomenon for many years, but explanations of the exact mechanism whereby - 
it arises remain qualitative and speculative. The basis of the phenomenon is that 
high energy electrons (eg, those in the primary beam of the SEM) impinge upon a 
surface and penetrate some way into it, colliding as they progress with both the 
electrons and nuclei of the material. An electron whose first encounter is with 
a nucleus near the surface of the material is likely to experience a highly I elastic 
collision, and to be backscattered from the surface with little if any loss of energy. 
If, on the other hand, the electron penetrates some way into the bulk of the 
_5.ne1asticI. 
material, it may experience several 	- colllslons with both electrons and atoms, 
in which case it is clear that the energy lost by the primary electron is transferred 
to those other particles with which it collides. The necessary condition for the 
emission of an electron from a solid is that the electron should be given a velocity 
with a component, directed normally to the material surface, which is of 
sufficient magnitude to allow the electron to cross the surface potential barrier. 
Since one primary electron may stimulate the emission of up to ten or fifteen 
secondaries, it is clear that primaries must indeed interact with a significant number 
of secondaries as they pass through the material. 
The principal factors affecting secondary emission are the nature of the material 
being bombarded and the energy of the bombarding electrons. Figure 2.6.1 
illustrates the efficiency of secondary emission from various materials as a function 
of primary beam energy. The ratio of numbers of primaries impinging to number 
of secondaries produced is generally known as the secondary emission coefficient. 
The peak in the curve is attributed to the fact that at very low primary beam energies 
few electrons penetrate into the solid to any significant depth, while at high energies 
they penetrate so far that the bulk of the electrons liberated from their parent 
atoms are collected again by other atoms, or collide with so many other electrons 
on their way to the surface that their energy is dissipated and they cannot cross 
the surface potential barrier. Between these regions lies the area of happy .. 
compromise, where significant numbers of electrons are liberated, and this happens 
sufficiently near the surface for there to be a real chance of their being emitted. 
10 










100 	300 500 . 1000 	3000 5000 10000 
ACCELERATING VOLTAGE OF PRIMARY ELECTRON 
SECONDARY EMISSION COEFFICIENT VS BOMBARDING VOLTAGE 
FOR VARIOUS MATERIALS 
FIGURE 	2:6:1 
16 
It should also be noted from Figure 2.6.1 that the peak of the secondary 
emission curve occurs at a primary beam voltage of only a few hundred volts. 
Other considerations which will be detailed later required the use of primary 
beam voltages in the SEM which were of the order of 10kV. Clearly this 
is nowhere near the peak of the secondary emission curve. Nevertheless, 
significant numbers of secondaries were detected, although a large primary 
beam current had to be used to induce emission of these secondaries. 
Having now gone some way towards explaining the process whereby 
secondary electrons are emitted, it is appropriate to consider the nature of 
the emitted electrons. Figures 2.6.2 and 2.6.3 illustrate the essential 
characteristics of secondary electrons. Most significantly, it may be seen that 
the bulk of the secondaries have energy less than 10eV, and that no true 
secondary electron has energy greater than 50eV. A certain number of 
subsidiary peaks in the energy spectra of emitted electrons may be observed 
slightly higher on the energy scale. These are due to so-called Auger electrons 
whose energy is somewhere in the region of a few hundred electron volts. 
Auger electrons originate rather deeper in the bulk of the specimen than do true 
secondaries and are generated by a rather different process. 	Since they are, 
by virtue of their greater energy, clearly distinguishable from secondaries, and 
since only the latter are of direct concern to this work, no further attention will 
be paid to these electrons, but it should be noted that useful information can be 
obtained from them by the use of appropriate techniques. These are described 
by Holm and Reinfandt'. For the purpose of this work, the most important 
characteristic of the secondary electron is its very low energy, which, as will be 
shown later, renders it very susceptible to influence by electric fields. 
Backscattered electrons may be subdivided into two categories, namely those 
which are directly backscattered from the surface layer of the specimen and 
which have experienced an .elastic collision in which their energy was.retained, 
théi  
and 	which have penetrated some way into the bulk of the specimen, 
imparting some of their energy to it, thereby generating secondaries, X-rays 
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less than that with which they impinged upon the specimen, is nevertheless 
discernably greater than the energies associated with secondary and Auger 
electrons. 
Image forming in the SEM may be done by detecting and amplifying either 
the signal from the backscattered electrons alone, or from the combination of 
backscattered and secondary electrons. Referring back to Figure 2.3.1, if 
the electron collector cage is held, as indicated, at +250V, then low energy 
secondaries are attracted by this positive potential, and then drawn to the 
scintillator by its EHT potential, which is adequate to accelerate them to the 
necessary speed (and hence energy) to produce good light emission from the 
plastic scintillator. The above argument applies to all secondary electrons. 
However, in the case of backscattered electrons, which have such a high energy 
as to be unaffected by the collector cage voltage, the factor which determines 
whether or not they are collected is the surface topography of the specimen. 
Hence, if there is a direct path from the point at which the electron is reflected 
to the electron collector, then there is a reasonable chance that the electron will 
indeed be collected. If, on the other hand, some other feature of the specimen 
stands between the point at which reflection occurred and the collector, 
then the electron has little chance of being collected. With the collector cage 
at its normal positive voltage, the collected signal is normally the sum of these 
two effects. Most SEM's, however, have the facility of making the cage 
negative, by about 50V. This potential is enough to ensure that even those 
secondaries with most energy (about 50eV maximum) are repelled, so that they 
are not collected. Backscattered electrons, on the other hand, are unaffected 
by such a small potential, and the above argument holds true for them. 
Figures 2.6.4 and 2.6.5 show the effects Of secondary and backscattered, and 
backscattered only, collection. 	It is noticeable that in the picture which 
includes the - effect of the secondaries, the perceptible surface detail is much finer, 
including a micro-crack in the aluminium as it steps down into the well. This 
area is completely in shadow in the backscattered-only picture, as the upwards 
step is between the micro -crack and the collector. Clearly, then, for even 
normal topographical examination purposes, the inclusion of secondary electrons 
in the collected signal is valuable and advisable. 
SEM MICROGRAPH GENERATED 
FROM SECONDARY ELECTRONS 
(STANDARD IMAGING MODE) 
FIGURE 2,6.14. 
SEM MICROGRAPH 	GENERATED FPOM 
BACKSCATTE RED ELECTRONS 
FIGURE 	2.F.5. 
18 
2.7 SCANNING ELECTRON MICROSCOPES 
2.7.1 Introduction 
Some consideration has now been given to SEM parameters which are of 
significance in the work to be reported. in this thesis, and allusions have been 
made to certain significant features of the Cambridge Instruments Stereoscan S2 
instrument which was used during the course of this project. It is therefore 
appropriate to give some consideration to the question of whether or not this 
instrument was suitable for this work, and, if it was not, to identify the features 
which are desirable in an SEM to be used for this purpose, and to examine the 
market of present-day SEM's in an effort to find the nearest available approxi- 
mation to the ideal. 
2.7.2 The CAMBRIDGE INSTRUMENTS S2 
In this section it must be borne in mind that the instrument used in this work 
is, at the time of writing, 11 years old, and has been in continuous service use 
during its lifetime. The most obvious deficiencies, then, pertained to the age 
of the components. This was particularly true of the valve-based electronic 
systems, which required periodic repair as valves came to the end of their useful 
lives. Clearly, however, such criticism is superficial, and does not relate to the 
fundamental design of the instrument. More fundamental points are as follows. 
As with most old instruments, it was not possible to scan the raster at modern 
television rate (50 frames per second, 625 lines per frame). This is of some 
significance in qualitative 'voltage contrast' work, which, as will be shown later, 
has a most direct and significant bearing on the more detailed quantitative work 
which formed the substance of this work. On the other hand, frame and line 
scan speeds were, as previously mentioned, independently adjustable, and this 
facility was invaluable when trying to obtain acceptable video images with the 
frequency response restricted signal amplifier which was used. The disinclination 
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of manufacturers of modern instruments to provide this independent adjustment 
must in this context be regarded as a retrograde step, although the modern 
system of using one knob to control both frame and line speeds unquestionably 
makes for simpler operation in the normal SEM mode. Fine vernier controls 
of frame and line speeds were also available on the old instrument. These also 
were used extensively, but have been discarded on modern instruments. 
The instrument used in this work was designed to operate with a working 
distance of about 11mm. In order that additional electron optical components 
which were manufactured during the course of the project could be accommodated 
between the specimen and final lens pole-piece, this distance had to be increased 
to about 22mm. This resulted in some inevitable degradation of image quality, 
which, if modern specifications are to be believed, ought to be insignificant on 
a modern machine. 
Specimen chamber space is a problem in many research-type applications of 
the SEM. Most manufacturers now offer large and spacious specimen chambers 
as options at least, and although the necessary work was accomplished within the 
available space, speculation about future developments of this work clearly 
indicates that one of the modern, large specimen chambers will have to be acquired 
if further significant progress is to be made. 
Probably the last significant factor limiting the performance of the 11-year 
old instrument used here was the electron gun. This will be dealt with in the 
next section, which reviews available options, and concludes that one in particular 
of these is to be strongly recommended. 
The concluding remarks about the Cambridge Instruments S2 must praise 
a strength which it possesses, and which many modern instruments do not. 
This is the use of separate oil diffusion vacuum pumps for the pumping of the 
specimen chamber and column. With the isolation valve between these two 
volumes, this allows the column to be continuously pumped, even during specimen 
changes when the chamber is at atmospheric pressure and while the chamber is 
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being re-evacuated. A very good vacuum may therefore be built up over a 
period of time in the column and electron gun, resulting in prolonged filament 
life. Further, with a large pump devoting its entire efforts to the specimen 
chamber, very efficient pumping of this volume is achieved. On several 
occasions during this work the specimen chamber was maintained at 
atmospheric pressure for periods exceeding one hour, during which time the 
contents of the chamber were handled extensively, and therefore contaminated. 
In spite of this, the time to re-evacuate the specimen chamber rarely exceeded 
four to five minutes. This is a strong recommendation for separate chamber 
pumping on instruments which are to be used for research work. 
2.7.3 Electron Guns 
Since their inception, SEM's have used triode electron guns, consisting of 
cathode, Wehnelt and anode electrodes. No reason has been found to abandon 
this arrangement, but significant attention is now justifiably directed towards 
achieving maximum brightness from the gun. The principal determining factor 
here is the nature of the cathode. 
The Cambridge Instruments S2, in common with most old SEM's, and many 
new ones, uses a directly heated tungsten filament as the cathode. For many 
purposes this is satisfactory, and as this is the cheapest form of cathode, requiring 
the least stringent vacuum conditions, it remains popular. 
• It is now necessary to consider the meaning of the term 'brightness of the gun' 
in order to make meaningful comparisons with alternatives. This-term is a 
measure of the current density within a given solid angle which may be obtained 
from a cathode. An alternative means of considering this is in terms of the 
crossover of electron trajectories which all triode guns produce in the anode 
region. The 'brightest gun' is that which produces the smallest crossover • 
containing the maximum number of electrons. Since this crossover is 
essentially an 'image' of the emission point of the cathode, this in effect simpli-
fies the quest for a bright gun into a quest for a cathode which emits the greatest 
number of electrons from the smallest possible area. Broers 8 has produced an 
authoritative table of comparison figures for realistically available options, the 
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figures being quoted in each case for the conditions which have been used to 
produce best high resolution results in the SEM. Figures are quoted for the 
probe diameter. This is a measure of the size of the electron spot on the specimen 
surface. In an ideal electron optical system, the size of the spot on the specimen 
would be that of the first (anode) crossover divided by the demagnification produced 
by the electron tenses. Further absolute limits are governed by diffraction 
effects, etc. Nevertheless, the probe diameter may be seen to be a direct measure 
of the size of the first crossover, and hence of the emission area of the cathode. 
The attainment of optimum resolution necessitates a small probe diameter, as the 
electron beam,--- 
can only resolve features which are of greater dimensions than the probe 
size. 
The standard tungsten hairpin cathode may be expected to produce a probe 
diameter of Snm, with agun brightness of 7 x I0 8amp. m 2 steradian 1 . The 
use of lanthanum hexaboride (LaB 6) as the cathode material has been observed 
to produce a probe diameter of 3nm, and a gun brightness of IO' °amp. rn 2ster.* 
This material, with its lower work function 10  than tungsten, requires less energy 
input than tungsten to 'boil electrons off, and consequently greater numbers of 
electrons may be liberated from it. Most manufacturers now offer the option 
of a lanthanum hexaboride cathode, which in some cases is directly heated like 
most tungsten cathodes, and in others is indirectly heated by a separate element,. 
but in either case it is usual to have to buy an extra vacuum pump (usually an ion 
pump) with which to maintain the necessary working vacuum of 10 6m bar or 
better. 	. 
Some consideration must also be given to tungsten field emission cathodes. 
These can reduce the probe diameter to about mm, with a brightness of 
2 x 10 12amp. m 2  ster;. Again, ion pUmping is necessary to -achieve the 
necessary sort of working vacuum of about lO' °m bar, but in this case no heating 
is required. Some manufacturers do offer field emission guns as optional extras, 
but one of their strong limitations is that although they can produce a very high 
current density, and hence brightness, they are not capable of producing a very 
substantial absolute output current. Scanning transmission electron microscopes 
employ these devices in the quest for best possible resolution, as do the few 	- 
scanning microscopes which aspire to resolution of no more than a few nano-
metres. 
In the type of work with which this project was concerned, it is clearly 
necessary to have an electron source which is both bright and capable of producing 
substantial absolute currents. This is particularly true if the SEM is to be used 
in the stroboscopic mode, but this will be more fully explained in a later chapter. 
Of the available alternatives, the tliermionic lanthanum boride cathode is clearly 
the most suitable for this type of work. 
2.7.4 Available Instruments 
In the thirteen years since the first commercially available SEM was put on 
the market by Cambridge Instruments Ltd, the range of SEM's which are available 
has increased enormously. Manufacturers from the United Kingdom, Holland, the t. 
and Japan are in the forefront of the competition for sales, and most individual 
manufacturers now produce a range of instruments with widely varying 
capabilities and costs. Although most manufacturers can justifiably claim to 
produce instruments which are of use to the semiconductor industry, the 
realistic range of choice of instruments for the particular type of work with 
which this project has been concerned seems to be confined to Cambridge 
Instruments Ltd, International Scientific Instruments Inc, the Philips Company 
and the JEOL Company. The Cameca instrument marketed by AEI Scientific 
Apparatus Ltd seems also to be worthy of consideration, but no literature is 
available to indicate that suitable instruments might be available from 
VG Microscopes, although it should be noted that this company produces 
instruments which are useful for purposes other than those of this present work. 
The Phillips Company, International Scientific Instruments Inc and the 
JEOL Company produce instruments which have metallic liners stretching down 
the entire length of the electron optical columns. Asthe manufacturers claim, 
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these greatly facilitate the cleaning of the columns, but they also prevent the 
research worker from applying an electric field cross-wise in the column for 
the purpose of blanking the electron beam in stroboscopic mode. Although 
other means can be used to produce the same effect, the aforementioned is 
the most straightforward means, and is applicable to the Si 50 machine produced 
by Cambridge Instruments. 
The large specimen chamber marketed by the International Scientific 
Instrument Company is large enough to accommodate 4-inch diameter silicon 
wafers, but it is difficult to envisage that the various mechanisms and systems 
which are likely to be developed as extensions to the work to be reported here 
could also be fitted into this volume. 	Similarly, it is unlikely, that this 
equipment could be accommodated in a JEOL machine. The instruments 
marketed by these companies are therefore viewed as being extremely suitable 
for run-of-the-mill semiconductor examination, but as being unsuitable in their 
present form for this type of specialised work. Cambridge Instruments and 
the Philips Company both market specimen chambers which are regarded as 
suitable, and available information indicates that either the Cambridge 
Instruments SI50 or the Philips 501, if equipped with a lanthanum hexaboride 
cathode, could justifiably be regarded as being very suitable instruments upon 
which to pursue the development of this work. 
Conceivably, the JEOL JSM 35C might also be adapted although, as indicated 
above, this machine, the best of the JEOL range, has several disadvantages which 
do not apply to the Cambridge machine. 
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CHAPTER 3: MICROCIRCUITS AND THE SEM 
3.1 INTRODUCTION 
The microcircuit is now an integral part of modern life, and is perhaps unique 
among products of industrial and academic research laboratories in the sense that 
even the general public is coming to appreciate its far reaching significance. The 
versatility of many domestic appliances is now perceived as being due to the 
incorporation of 'tiny computers', and many possibilities are being recognised 
for the replacement of workers in boring and repetitive jobs by computer 
controlled machines. Her Majesty's Government has been moved recently to 
institute an enquiry into the implications of the 'electronic age ', so this must 
indeed be perceived as a momentous subject! 
A complete review of present-day techniques for the fabrication of microcircuits 
would in all probability be beyond the scope of a complete thesis, and would 
certainly be out of place in a document such as this which aspires to contribute 
only to the testing process. It is, however, appropriate to devote some attention 
to certain aspects of microcircuit fabrication, in an effort to justify the fact that 
this fairly lengthy document and the work which is reported in it have been devoted 
to these matters. 
3.2 MICROCIRCUIT FABRICATION 
Certain aspects of microcircuit fabrication carry with them very significant 
implications for the SEM. The raw material for the electronic microcircuit is 
a wafer of pure silicon. Wafers of two, three and four inch diameters are to be 
found, and present trends are towards the use of the maximum possible size. 
Six inch wafers are now being contemplated. This permits the most efficient 
use of processing machinery, and hence the most rapid and economical production 
of devices. At the same time, quality control of the silicon wafers increases in 
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importance. Crystallographic flaws and material impurities can result in 
non-operational devices, regardless of the quality of the manufacturing process. 
Clearly, as the size of the wafers increases, sodoes the difficulty of producing 
flawless examples, and of screening those produced for defects. 
Means for transforming raw silicon wafers into finished articles consisting of 
many hundreds of individual microcircuits are many and varied. Silicon dioxide 
must be produced on the surface of the wafer, this being most commonly done 
by heating in the presence of oxygen. Then some form of pattern must be 
cut out of this oxide layer to allow impurities to be introduced to the silicon 
to render it n- or p-type. Already a whole array of questions have been posed. 
At what temperature will the oxide be grown? Will the pattern to be etched 
out of its surface be defined by a mask, or will computer controlled ion etching 
be used? If a mask is to be used, will it be produced by photo-reduction 
techniques, or will an optical pattern generator be used, or will an electron beam 
technique be used, either for mask making or for direct writing of the pattern on 
the wafer surface? Having settled the question of the etched pattern, it must 
be decided which dopant to use, and the means of depositing it on the material. 
Will it be thermally diffused, or ion implanted? In what concentration will it 
be introduced, and to what depth? 
Once all of the above considerations have been attended to, another layer of 
oxide must be created, appropriately etched, and have a layer of metal deposited 
over it, which again must be etched to form the interconnexion pattern. 
All of the foregoing presupposes that the circuit is going to be constructed 
using the simplest metal-oxide-silicon technology, but it might, equally be in 
some other variation of the metal-insulator-semiconductor structure, or indeed 
in bipolar technology, in which case the processing steps and decisions would be 
different again, re-emphasising the complexity of semiconductor processing and 
its implications. Many microcircuits of the present day have more than one 
level of metal interconnexions, and some use polycrystalline silicon for direct 
2€ 
interconnexions, so circuit complexity is increasing, as are the variations of 
structure available, primarily in the metal-oxide-semiconductor (MOS) sphere. 
In view of this enormous and increasing complexity of technologies and 
structures, some versatile means of seeking and analysing fault conditions in 
microcircuits in general is clearly required. The SEM has for some years now 
been used as a tool for the straightforward topograhpic examination 9 of 
microcircuits, and most semiconductor companies now deal extensively with the 
SEM, either by owning their own machine or by paying substantial sums of 
money to rent the use of an SEM owned by a central agency such as a university. 
Microcircuits are regularly examined with a view to obtaining data on quality 
of step coverage of aluminium as its steps.- down into contact windows which 
have been etched in the oxide layer (see Figure 3.2.1), and at various other 
stages of the manufacturing process. For example, a particular process step 
may be caned out on several individual silicon slices, with some slight variation 
of the process from one slice to the next. Exposure times for photoresists, or 
temperatures at which etching steps are carried out may be varied, and the 
results observed in the SEM with a view to deciding which of the options which was 
tried is the most suitable for use on the production line. It is therefore clear 
that the SEM has a very substantial role to play in the development of processes 
for manufacturing. 
With the SEM's established place in comparatively mundane aspects of 
semiconductor processing, it was fairly natural that the question should be asked 
whether or not the essentially electrical nature of the SEM might now be 
exploited with a view to obtaining yet more data. There are two distinct areas 
in which advances would seem to be possible. Either the interactions of the 
primary electron beam with the specimen might be modified by electrical or 
magnetic techniques, and the results interpreted in the light of knowledge of the 
modifying technique, or the signal which is generated might be processed in some 
way in order to enhance.its information content. Clearly both of these concepts 
are ill-defined, and require to be expanded upon. This will be done at length in 
a later section, but it is necessary first of all to prepare the ground by considering 
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in some detail the phenomenon of voltage contrast in the SEM, since it is 
this phenomenon which forms the basis of the work to be reported. 
3.3 VOLTAGE CONTRAST 
3.3.1 	Introduction 
Voltage contrast was first reported as having been observed on a simple 
p-n junction in 1957 by Oatley and Everhart 11. 
Figure 3.3.1 shows voltage contrast as it appears in its most straightforward 
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form on a modern microcircuit. A simple topograhpic image is obtained of a 
specimen, using completely standard techniques. In the case of voltage contrast, 
however, provision is made for the connection of the specimen to some form of 
electrical drive which will in general be situated outwith the specimen chamber. 
This electrical drive will be at least a power supply, and may in addition consist 
of some signal source. These units are used to put the semiconductor specimen 
into a state of partial or complete activity within the evacuated specimen chamber 
of the SEM. The presence of voltages on the conductor tracks of the microcircuits 
gives rise to a contrast (ie, to the enhancement or diminution of picture brightness) 
which appears in addition to the straightforward topograhpic contrast. Hence 
we have an explanation of the presence of unduly dark patches on the sample 
depicted in Figure 3.3.1. It is necessary now to consider several matters arising 
out of these basic facts. 
Firstly, what is the significance of the information conveyed by this 
supplementary contrast? Is this information useful, and, if so, what, if any, 
are its limitations? In order to answer these questions, the fundamental physical 
properties of the electric fields above conductor tracks on operating microcircuits 
and the effects of these fields on low-energy secondary electrons must be 
considered. 
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3.3.2 The Electric Field Above a Microcircuit Conductor Track 
Some aspects of the electric field above a microcircuit conductor track 
may be deduced from a straightforward, intuitive consideration of the situation. 
Such a consideration shows that the pattern of equipotentials above a conductor 
track at +1OV must bear a strong resemblance to that shown in Figure 3.3.2. 
It is assumed in Figure 3.3.2 that the track, at its positive potential, has 
surroundings, presumablyof silicon, which are at OV potential, and that no 
other conductor track is near enough to produce another, possibly intruding 
electric field, which might modify the illustrated pattern. 	It is clear, however, 
that so long as the tracks under consideration remain on the same surface plane, 
any such intruding field could only produce lateral distortion. This would not 
affect the basic truth which may be seen from the figure, which is that this 
field pattern clearly constitutes a retarding field to any secondary electron which 
may be emitted from the surface of the conductor track under the influence of 
an examining electron beam. 
It has been postulated for the purpose of drawing Figure 3.3.2, as a general 
illustration that the conductor track should be at a potential of +1OV. Both 
the magnitude and polarity of this potential are of interest in considering the 
behaviour of the secondary electrons. With a track at this potential, and its 
resultant retarding field, it is clear that a secondary electron must have energy 
greater than 10eV if it is to escape into free space and have any chance of being 
collected by a collector system at some remote distance. If, on the other hand, 
the potential were to be negative, all secondary electrons, irrespective of their 
energy, would be accelerated away from the track, and would have an abnormally 
good chance of being intercepted by a remote collector. If the track was 
negative in potential, the field pattern above it would, of course, be the same as 
that of Figure 3.3.2, with the polarity of the numbers reversed. 
The mechanism whereby voltage contrast arises may now be understood 
The retarding effects of electric fields above positive conductor tracks suppress 
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these areas, so that they appear particularly dark on the microscope display tube. 
This is the phenomenon which may be observed in Figure 3.3.1. On the other 
hand, negative tracks enhance electron collection by actively repelling all 
secondaries away and into free space, where they are attracted by the field of 
the collector cage, mentioned in Chapter 2. 	Hence copious numbers of 
secondaries are collected from negative tracks, so that the signal level from such 
areas rises and they appear exceptionally bright on the display. Clearly then, 
the information contained in voltage contrast is valuable. The presence of a 
voltage may be detected, and its polarity determined. 	Figure 3.3.1 is in fact 
an illustration of the use to which this information can be put. This sample 
was found to be defective when tested by normal means, and straightforward 
tppographic examination in the SEM provided no clue as to the location or nature 
of the fault. Voltage contrast produced the illustrated image, in which it can 
be seen near the middle of the picture that an apparently continuous conductor 
track is dark for part of its length, indicating the presence of a positive voltage, 
but is of normal brightness for the remainder of its length. Clearly an electrical 
discontinuity exists at the point where the brightness of the track changes. 
The above passage clearly indicates the strengths and weaknesses of voltage 
contrast. 	Discontinuities in electrical connections can be clearly seen. 	Voltages 
which are absent when they should be present, or vice-versa may be detected without 
difficulty. But small differences of potential between points may not be 
detectable, and no precise values may be assigned to any of the observed potentials. 
It is relevant to consider whether or not it is possible to. obtain quantitative. 
voltage information by the straightforward use of the voltage contrast technique, 
or, if not, if it is possible to obtain such information by modifying the technique. 
Some understanding of this question may be obtained by considering 
Figure 3.3.2 : in the light of the information on the distribution.of energies of 
secondary electrons which was given in Chapter 2. . It was noted there that 
secondary electrons have various energies, predominantly in the range 0 to 10eV. 
In that case, the 1OV retarding field above the conductor track of Figure 3.3.2 
would be enough to effectively prevent any appreciable number of secondary 
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electrons from escaping into free space where they might be collected. 
If on the other hand the track was at +5V, then those electrons with energy 
greater than 5eV would be able to escape, and would be collected. Since 
there is a distribution of electron energies in the 0 to 10eV region, it is clear 
that different numbers of electrons will be collected corresponding to every 
possible track potential. It must at the same time be borne in mind that 
this applies only to a positive track, since a negative voltage of whatever 
magnitude will in theory repel all electrons from the track towards the 
collector. 
Clearly, an assessment of the potential voltage discrimination which may be 
available as a result of the use of this technique would be useful. Unfortunately 
this is not entirely simple. While grey levels (Ic, degrees of darkness corres-
ponding to numbers of secondary electrons collected from a positive track at 
various potentials) have been observed, and calibration exercises have been 
carried out in specific cases which have resulted in some reasonable degree of 
discrimination between steps in potential of perhaps 1 volt, it has not been 
possible to construct a grey scale which is accurately calibrated, and which is 
applicable to all specimens. This arises partly out of the fact that specimens 
vary, as thickness of passivation oxide changes, as electric field densities 
and patterns change from chip to chip, and also.from the fact that contrast 
levels are set afresh every time a new specimen is inserted into the SEM work 
chamber, so that it is unlikely that exactly the same settings can be achieved 
from one sample to the next. This clearly does not rule out the possibility 
of performing a calibration exercise on each individual sample, but this would be 
tedious, time consuming, and wasteful of effort, and would seem to be doubly 
undesirable when the fundamental matters which limit the range of measurement 
to the region of OV to 1OV positive and the resolution to about one volt are 
borne in mind. 
The implication of all of the foregoing is clear. A means of determining, 
accurately and consistently, the voltage on a microcircuit conductor track should 
be sought, and if the secondary electrons could be in some way 'analysed' with a 
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view to obtaining this data then such systems as might be used to perform this 
analysis ought to be investigated. 
Another central point which may be appreciated at this stage is that any 
analysis system must, if it is to be as versatile as possible, be in two parts. 
These may be defined as the actual analyser itself, and a subsystem which will 
induce those secondary electrons which, as shown previously, would not normally 
overcome the effect of the surface retarding field, into emerging into free space 
where they may be analysed. Clearly a complete system must include both of 
these components, since the analyser is of little use if electrons are not available 
to be processed by it, and a means of extracting the secondaries is of no use if 
nothing can be done with them once they have been extracted. 
Since the effect which prevents secondary electrons from emerging into free 
space is that of the surface retarding field, it is necessary to consider how this 
effect may be overcome. The most obviousanswer to this problem is to apply 
another external electric field which will cancel the undesirable effects of that 
one which is associated with the surface. Clearly, the direction of this field 
must be opposite to that of the surface field, and its magnitude must be at 
least equal to that of the intrinsic field. But what must this magnitude be? 
A quantitative answer to this last question has been sought by simplifying 
the case of Figure 3.3.2, showinga 'real' microcircuit conductor track at +IOV, 
to that of _ 	1 a hypothetical surface at potential +V and with 
its surroundings at OV. A comparison of this situation with that of Figure 3.3.4, 
showing the field surrounding two lines charges of equal magnitude and opposite 
sign, shows that each of these cases is the 'dual' of the other, ie, that the field 
pattern is the same in both cases, but that the lines representing equipotentials 
in one case represent field lines in the other, and vice-versa. Since the 
characteristics of the line charge field are well-documented, these;characteristics 
can be used to quantify 'the field represented by Figure 3.3. 4 as follows. 
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Bewley 12  specifices the potential V(z) at the point on Figure 3.3.3 
marked z as being given by the expression 
rl V(z) = 	in (  c 	r2 
where Q is the magnitude of each of the line charges, c is the dielectric 
constant of the medium surrounding the system and r1 and r2 are the 
distances between each of the line charges and the point z, as shown; In 
represents the natural logarithm, in the standard notation. 
The two-dimensional planar symmetry of the system is used to allow 
representation of the field by complex variable theory. The potential 
V(z) may therefore be split into real and imaginary parts, where 
W = U + jV (3.3.2) 
The right hand side of equation (3.3.2) may also be converted into complex 
notation, so that 
r 1 e 
= U + jV = 	in ( ) 	 (333) 
r2 e 2 




W 	= - 	in ( -p-- ) + - in {e 	} 	 .....(3.3.4) 
2 
= LQ in (.! ) + 	 - 0 2 	 (3.3.5) 
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Hence, for the case of the two line charges, equipotentials are given by 
r 1 
const. U 	= 	in (__! ) 	 . .....(3.3.6) 
and field lines by : 
const. , V = 	(°i - 02) 	 (3.3.7) 
In the case, then, of the surface at potential V 09  ie, the dual of the problem 
considered so far, equipotentials will be of the form 
V. = A (Oi 	0 2) 
	
(3.3.8) 
where A is some constant whose value must be obtained. This may be done 
by considering the situation on the surface which is at V 0 . The angles 01 
and 0 2  are defined in Figure 3.3.31 In the case of a point on this surface, 
theangle 0  = 186 and the angle 02 = O 
Therefore 
V 0 = 	A(rr - 0) 	 (3.3.9) 
and: 
V . 
A = - 	 (3.3.10) 
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The general solution for equipotentials surrounding the surface at potential 
V0 with surroundings at OV is therefore of the form 
= T ° 1 ° 2 
	 (3.3.11) 
Having obtained this expression, it is necessary to recall that the purpose of 
this calculation was to quantify the strength of the electric field above the 
track, with a view to determining the strength of the field which would have 
to be applied to neutralise it. 	Also, it is clear that the field strength is by 
no means uniform across the width of the track. A glance at Figure 3.3.2 
shows that the field strength is least in the centre of the track, and grows 
dramatically towards the edges. Clearly, then, it is from the centre of the 
track that there is the most chance of obtaining free electrons. Referring 
to the co-ordinate system, at the centre of the track xy0, so the field which 
must be calculated is 
(..,) 	= 	_(.y. ) 	 ( 3.3.12) 
x=y.=O ' x=y=O 
Now: 
y = a tan 0 	 (3.3.13) 
so: 
Dy 	= a sec  0 2 	 (3.3.14) 
But where xy0, 02 = 00. 
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Therefore : sec 02 = 1 	and 	sec  02 = 1 
SO 
 ( •. ) 	= a 	 and 	3y = a 30 	(3.3.15) 
2 x=y=O 
Equation (3.3.12) may therefore be re-stated as 
E 	= _.i 	2-V 	 (3.3.16) 
x=y=O 	 2 x=y=O 
Now for 
X  = •= 0, 0. + 02 = iT, 
ie, 	01 	= It - 0 	 (3.3.17) 
Substituting, then in equation (3.3.11), 
V 
V = -. ( it - 2 02) 	 (3.3.18) 
Differentiating equation (3.3.18) with respect to 0 2, 
2V 
= - —i-- 	 (3.3.19) 






x=y=0 	it a 
3. 
In order to illustrate the foregoing, the example is considered of a conductor 
track at +1OV (=V 0 ) and of 10 pm width (so that a = 5 pm). Substituting 




5 x 10 
= 1.273 x 106  V/si 
where E is the normal field at the centre of the conductor track. 
Figure 3.3.5 illustrates a practical example of this phenomenon. The black 
hexagonal pattern is caused by a grid, at a potential of some 1kV, which is 
suspended 1mm above the surface of the specimen. It may be seen that 
the wide track turning a right angle across the specimen has a bright stripe 
running along its centre, indicating that the applied field has been sufficient 
to lilrate secondary electrons from this area. Towards the edges of the 
track, where the field is more powerful, the conventional black contrast is 
obtained, and on the narrower tracks the black contrast also prevails. 
Tlis is consistent with equation (3.3.20), which shows that the normal field 
which must be applied for cancellation is inversely proportional to the width 
of the track. 
Since the figures used in this example are by no means inconceivable in 
today's technology, it is now clear that if a system is to be fabricated which is 
capable of cancelling inherent noriiial stirtact 	fields, it must be capable of 
applying field strengths of at least IMV m, and probably even more. And 
even that will only cancel the field at the centre of the track. If electrons are 
to be extracted from the whole width of the track, it is likely that fields which 
are greater than the above by perhaps two or three orders of magnitude may 
have to be applied. A system, then, must be designed which has something 
like the above capability. 	Clearly, it is pertinent to turn to the literature, to 
discover if previous authors have attempted to do this, and, if so, what 
techniques they may have used and what may have been their degree of success. 
FIGURE 3.3.5 
CANCELLATIN 01 J 	NORMAL SURFACE 
FIELD ON CCD MICROCIRCUIT 
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3.4 VOLTAGE CONTRAST IN THE LITERATURE 
3.4.1 	Introduction 
The concept of potential measurement in the SEM is by no means unique 
either to this project or to the immediate past. 	After the first report in 
1957, work carried on in research laboratories until in 1968 Wells and Bremer' 3 
were reporting work on 'Voltage Measurement in the SEM'. In subsequent 
years these authors and others have pursued this matter, and varying degrees of 
success have been achieved. Systems have been produced with the capability 
of analysing the secondary electrons to a fine accuracy, but which have lacked 
the facility for removing electrons from a surface which is reluctant to give 
them up (see previous section), while others have been capable of making 
accurate potential measurements over a wide range of conductor track voltages, 
both negative and positive, but have required that the point of interest on the 
specimen be placed mechanically under the electron optical axis of the column 
being used. Clearly the system cannot be condemned out of hand for this 
alone, but equally clearly there would be advantages to be found in a system 
which had the capability Of making measurements over a substantial area of the 
specimen surface without the need for mechanical movement. 
Other reported systems 14 have concentrated on the use of straightforward 
visual voltage contrast without the use of secondary electron energy analysis, 
while a great deal öfiattention has been devoted in the recent past to the 
examination of microcircuits with high-frequency dynamic signals present upon 
them. The use of sampling techniques has been widely investigated, both in 
conjunction with and in the absence of energy analysis, and this has been a most 
significant development, since one of the primary problems associated with the 
examination of microcircuits under dynamic operating conditions with 
mechanical probes has been that of the capacitive loading introduced by such 
probes, and the resultant artificial slowing down of a signal' whose. propagation 
delay through circuit elements may be of paramount importance.., 
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3.4.2 RepOrted Voltage Monitoring Systems 
Since the inauguration in 1968 of the conference on SEM applications and 
techniques under the auspices of the Illinois Institute of Technology Research 
Institute this annual forum has seen the regular presentation of the latest 
assessments by various authors of their voltage monitoring systems. Mention 
was made of the Phenomenon of voltage contrast in the first paper to be given 
at the first symposium in 1968 by Everhart 15 , and this phenomenon has 
figured prominently in these proceedings in subsequent years. 
By 1970, various authors were reporting techniques for measuring and 
monitoring voltages. Nixon and Banbury 16  described their secondary 
electron detector, for which they claimed low sensitivity to transverse electric 
fields on the specimen surface, with the ability to provide 'potential contrast' 
with a high collection efficiency. However, the term 'potential contrast' 
is critical. There was no attempt at secondary electron energy analysis, so 
however uniform and reproducible the contrast might be, there was no possibility of 
making really accurate measurements,worse than 0.5 volts in 10 volts measure- 
ment accuracy being claimed. Fleming and Ward' ' were among the first to 
report the use of a system of grids for potential assessment, and indeed this 
system contained the seed of the idea which matured during this work into a 
viable energy analysis and potential measurement system. 
But what of the more recent developments? Following on from the 
previously mentioned work of Wells and Bremer, Hannah 18  has reported the 
use of a similar system with which a voltage resolution of I OOmV in 30V was 
demonstrated. Gopinath' 9  et at have reported the use of a system using 
successive grids to perform secondary electron energy analysis, and have in 
1978 provided an up-to-date review of most of the latest techniques which have 
been used to measure potentials. It is perhaps significant that two of the 
world's largest computer companies, IBM 20 and Honeywel121 , have recently 
reported extensive use of SEM based techniques for investigation of working 
parameters on microcircuits, and surprising that Fujioka 22 et at have alleged 
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that they have made quantitative voltage measurements without an energy 
analysis system, when it is now (almost) universally accepted that the 
quantitative voltage information is contained in the energy distribution 
of the secondary electrons, and that without energy analysis, and an 
extraction field of the magnitude described early in this chapter, quantitative 
information at high voltage resolution is simply not available, irrespective 
of the amount of signal processing employed after a standard collector. 
At the time of writing, Dinnis 23 has produced the most up to date assessment 
of the current SEM based techniques of this type. 
3.4.3 Details of Recent Systems 
The first system to be considered in detail will be that of Hannah, who was 
the author's predecessor in the academic department in which this work was 
carried out, and whose thesis was used extensively as initial groundwork material. 
The final system used by Hannah after considerable development is shown 
in Figure 3.4.1. It may be seen to consist of an axially symmetric lens system, 
with an electrode at a very high potential (about 1000 volts) adjacent to the 
specimen. This was the means employed to apply the extraction field which 
was necessary to attract electrons away from positive tracks so that they might 
be analysed. This was followed by decelerating electrodes, again symmetrical 
about the electron optical axis, which relieved the electrons of the very high 
energy given to them by the strong accelerating field of the first element. 
Electrons, then, came up through the first element of the lens system with 
approximately lkeV of energy (ie, the energy imparted to them by the electric 
field, plus their own intrinsic energy, which was shown in Chapter 2 to be, for 
the most part, less than 10eV), and were then decelerated by the two succeeding 
electrodes, firstly to about lOOeV,and finally to a stage where the only energy 
left to them was that with which they initially left the specimen surface. By 
this means, all electrons from the point of interest were induced to enter the 
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energy analyser, which consisted of two parallel curved plates with an electric 
field between them. A sweep, or ramp voltage, was applied to these plates, 
so that although the electric field strength between them did not vary, the 
potential of the whole plate assembly with respect to earth varied by the 
magnitude of the sweep voltage. 
If the two curved plates had been maintained at a constant potential, then 
electrons passing between them would have been deflected by given, fixed 
amounts. The amounts of the deflection would have been determined by 
the energy of the electrons, and electrons of one particular energy would have 
been deflected by just the right amount to allow them to follow a curved 
trajectory exactly parallel to the plates, so that they would pass through the 
electric field and emerge at the other side without touching either of the 
plates. Electrons with greater or less energy would be deflected by different 
amounts, and would in all probability be collected by one or other of the 
plates. 	It was noted previously that secondary electrons have a distribution 
of energies, and that there is a peak in this distribution in the region of 2 
to 3eV. 	Hence, if the electric field strength between the plates is set so as 
to allow electrons with this energy to pass through, then a maximum number of 
electrons will do so and will be available to be collected by the collector which 
is situated beyond the curved plates. 	- 
The consequence of a change in potential of the point from which the 
secondaries were emitted must now be considered. This effect is shown in 
Figure 3.4.2 i which indicates that a change in potential of the emission point 
results in a linear shift of the secondary electron energy spectrum along the 
energy axis. This point is central to the work to be presented in this document, 
as this principle is the basis of the work done during this project, and of that 
done by Hannah and indeed by most other authors who have attempted to use 
the SEM electron beam as a probe for potential measurement on microcircuits. 
Clearly, since the shift in the energy spectrum is linear with change in 
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of the spectrum. Returning, then, to the system used by Hannah, it may 
be understood that if the electric field between the curved plates is 
maintained at a constant value, while the absolute potential of the whole 
system is varied through a given range, conditions will be created wherein 
the 'energy pass-band' of the plate system varies over a range, so that when 
the plate voltage is low, low energy electrons are preferentially allowed to 
pass through to the collector, and as the voltage is increased, so does the 
energy of the selected electrons increase. In this way, the number of electrons 
with every possible energy within the range of the sweep is determined, ie, 
the energy spectrum of the secondary electrons has been detected. Consequently, 
if a large enough sweep voltage is used, the change in position of the spectrum 
with respect to some datum level may be determined, so that the change in 
potential which caused the change in position of the spectrum may also be 
assessed. 
Semi-quantitative measurements of the potential may be made by displaying 
the energy spectrum on an oscilloscope screen, and by assessing to the best 
possible accuracy the lateral shift in the curve as the emission point potential 
changes simply by monitoring the shift on the screen. It is, however, necessary 
to detect the shift in the energy spectrum by electronic means if a precise 
estimate of the potential is to be made. In the case of the system developed 
by Hannah, this was done by using standard analogue signal processing 
techniques to determine the position of the previously mentioned peak in the 
spectrum curve. The techniques involved were essentially straightforward 
frequency filtering, differentiation and level detection. Thefinal system was 
capable of measuring the emission point potential to an accuracy of 0.1 volt within 
a sweep potential range of 30 volt . 
An assessment of the worth of the system is bound to take account of the 
following points. Firstly, the system was proved to work, and to produce 
reliable and reproducible results. Secondly, the degree of voltage 
discrimination was adequate for the purpose of testing virtually all digital 
microcircuits, and most conceivable analogue devices. And thirdly, with the 
use of the high potential lens system for the extraction of electrons from the. 
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influence of positive conductor tracks, both negative and positive potentials 
could be accurately measured. 
It might seem, then, that this system satisfied the criteria which might be 
taken to define the characteristics of a viable working system. It must, 
however, be pointed out that several distinct disadvantages were present, and 
that the project to be reported here was originally conceived as being a follow-
on from the work of Hannah, the purpose being to recognise and specify the 
major shortcomings of the previous system, and to provide remedies for these 
shortcomings. As will be shown later, however, the work in practice took 
a rather different course. 
The major shortcomings of the Hannah system were as follows. The 
cylindrical symmetry about the electron optical axis of the lens system which 
was used for the extraction of the secondary electrons from the positive 
surfaces necessitated that the point at which the measurement was to be made 
should be also on the axis, since only from a point on that axis were the 
electron trajectories such that attracted electrons penetrated through the lens 
and into the curved plate analyser. Electrons from points which were even 
slightly off axis were most liable to be collected on either the high-potential 
first lens element or on the second element which was maintained at approximately 
100 volts. This clearly meant that any point which was of interest had to be 
mechanically moved until it was on the electron optical axis. Although this 
was not a catastrophic condemnation of the system, it was clearly inconvenient. 
A further unfortunate characteristic of this system was that a very large 
amount of current in the electron beam had to be used if a good signal to noise 
ratio was to be achieved. No records remain of any actual measurements of 
the beam current which may have been made, but notes of the currents used in 
the first two condenser lenses in the electron optical column do remain. It 
will be recalled from Chapter 2 that it is the currents exciting these two lenses 
which determine the current in the electron beam. Unfortunately, a very 
small alteration of the lens currents can result in a quite substantial change. 
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in the beam current. Since the lens current meters are calibrated in units 
.about O.38A to O4OA, 
of 0.2A, and a change of perhaps 0.02A can, in a critical region, change the 
beam current by a factor of perhaps five or more, it is clearly difficult to 
extrapolate from lens current figures to beam current figures. It is 
therefore only possible to produce an estimate of the beam current used by 
Hannah, and a best estimate of this would put it at between 10 8amp and 
10 7amp. 	Figure 3.4.1 also shows that a scintillator-type collector was used. 
As previously indicated, this system provides a characteristically high signal-
to-noise ratio compared with other possible systems, so it must be assumed 
that the overall collection efficiency of the lens and parallel plate system was not opti-
mum as good noise characteristics would generally be associated with an 
ability to use low signal levels, such as those which might be obtained from a 
beam current of perhaps I0 9amp or less. As previously explained, it would 
be desirable to use as low a beam current as possible, in order to minimise beam 
damage effects on the specimen. 
The final major criticism which must be levelled at this system is that it 
was rather complex to construct, and that the finished article was rather bulky. 
This resulted in the necessity to use a working distance of about 60mm, in a 
machine which was designed to produce optimum performance with a working 
distance of about 11mm. Necessarily, then, the resolution of any video image 
which might have been obtained was extremely poor, being degraded by both the 
long working distance and the large beam current. On a rather trivial, but 
nonetheless irksome note, it was also necessary to virtually remove the analyser 
from the work chamber if the specimen was to be changed, and to go through 
a rather complicated procedure for re-aligning it with the electron optical axis 
on replacement. This did not detract from its successful operation as an 
electron optical system, but clearly made its practical use inconvenient for the 
operator. 
The system devised by Hannah may therefore be summarised as having been 
successful in its attempts to make accurate potential measurements, while being 
subject to certain shortcomings. The literature must therefore be consulted 
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again, to see if any improvements have been presented. This inevitably leads 
to consideration of the system developed at Bangor University by Gopinath and 
Tee24 '25 '26. 
The scheme reported by Gopinath and Tee is developed from systems which 
have been in use for many years for Low Energy Electron Diffraction (LEED)27 . 
In this application, as in the more modern one of potential measurement, it was 
necessary to analyse the energies of the secondary electrons as they left the 
surface of the specimen. It was therefore logical that the so- called retarding 
field type of energy analyser commonly used in the LEED application might be 
adapted for the purpose of making potential measurements by energy analysis. 
The essentials of the analyser used by Gopinath and Tee are shown in 
Figure 3.4.3, which shows that this system consists essentially of a series of 
concentric grids, through which electrons must pass if they are to be collected 
on the outer hemisphere. It must be coidd4I here that this may not 
represent the latest manifestation of this system, which is still under development 
at Bangor, but it is likely that it will still adequately cover the essentials of the 
working principles. 
The system is constructed with hemispherical symmetry in order to ensure. 
that all electrons leaving the surface, irrespective of the direction of their motion 
will be collected, or at any rate will be influenced in some way by the electron 
optical system. The inner grid of the system is maintained at a potential 
of +63 volts, with a view to attracting towards it any low energy electrons which 
might find themselves in the space above the specimen surface. The authors 
have reported that if the retarding grid is then swept from -20 to +20 volts, while 
the electron beam is on a spot on the surface of an earthed specimen, the current 
collected on the outer hemisphere varies with retarding grid voltage as shown 
in Figure 3.4.4. Comparison of this figure with that of figure 3.4.2 shows 
that figure 3.4.4 is an integrated version of figure 3.4.2, so it is not surprising 
(indeed it is inevitable) that the linear shift of the curve of Figure 3.4.2 with change 
in specimen potential should be repeated for the curve of Figure 3.4.4. It may 
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determined by measuring the amount of shift of this integrated spectrum. 
The detection of the electrons can therefore be seen to be very analogous to 
that used by Hannah, the main difference being that the output of this system 
is an integrated version of that produced by Hannah. Closer examination, 
however, reveals another, and, in the final analysis, more important difference. 
In the case of the system used by Hannah, the criterion for ensuring that 
electrons escape from positive conductor tracks, ie, that the normal surface 
retarding field should be at least neutralised, was satisfied by the use of the 
lens element which was maintained at 1000 volts and within about 1mm of 
the surface of the specimen. However, in the case of the system reported by 
Gopinath and Tee, this criterion is not met. The actual distance between the 
specimen and the inner grid in the latter system would appear to be of the 
order of a few millimetres, and the potential of this grid has been reported as 
being only 63 volts. 	It is unlikely, then, that the electric field strength between 
this grid and the specimen surface will exceed 2 x 10 4V m, while it was shown 
in an earlier section that if positive voltages were to be measured on devices with 
typical present day geometries and characteristics, the measurement system should 
incorporate some means of applying fields in excess of IPIV rn 1 normal to the 
specimen surface. Clearly this does not rule out the possibility that the field 
which is available in the system of Gopinath and Tee may be adequate for some 
particular cases, where a conductor track may be exceptionally wide, or where 
the voltage present on a track may be unusually small. The former possibility 
is the more realistic, since most microcircuits have wide conductor tracks supplying 
the power to the circuit elements. However, for the case of even a 20 pm wide 
track with a potential upon it of only five volts, equation (3.3.20) shows that a 
field of approximately 1.6 x 10 5 V m4 must be applied if the surface tangential 
field is to be neutralised and secondary electrons liberated from the surface. 
Calculations based upon the same equation indicate that the system of Gopinath 
and Tee could liberate all secondary electrons from a conductor track at a 
positive voltage of five volts only if its width exceeded 160 pm. Such a 
dimension is unlikely to be found on a modern integrated device. 
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A major disadvantage of this system has therefore been pointed out. 
This must not be allowed to detract, however, from the fact that conductor 
tracks at negative voltages can be handled accurately and reliably by this 
system, since negative tracks do not suppress secondary emission, or from 
the fact that the actual analysis system which measures the surface potential 
by analysing the secondary electron energies is commendably accurate. 
Consideration of the actual analysis system highlights another matter 
which is most easily illustrated as being a contrast between the system used 
by Hannah and that of Gopinath and Tee, but which has wider implications, 
since it raises a question which must be answered by all research workers who 
try to use some adaptation of this basic idea for the purpose of potential 
measurement. It should be recalled here that the system used by Hannah 
employed a sweep voltage, which, when applied to the curved analyser plates, 
resulted in a detected current waveform such as that shown in Figure 3.4.2, 
and that the curve shown in Figure 3.4.4 was:quoted as being that which 
resulted from a sweep voltage being applied to the retarding grid of the system 
of Gopinath and Tee. In the latter case, however, a sweep voltage is not 
used in practice. Rather, a feedback loop is used (see Figure 3.4.5) which 
monitors the current collected on the outer hemisphere and, if this current 
should change as a result of a change in the emission point potential, produces a 
correction signal which re-biases the retarding grid so as to return the level of 
signal oollection to its original value. The magnitude of this correction signal 
is then a measure of the emission point potential, as the physical reality of the 
system is such as to necessitate that a constant difference in potential between the 
retarding grid and the emission point on the specimen will result in a constant 
collected current. The concept of system bandwidth may now meaningfully 
be introduced. 
In the case of the system using the sweep voltage to obtain an output spectrum, 
one voltage reading was taken for every sweep, and the upper frequency at which 
the sweep might be applied was defined by the capability of the electronic system 
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feedback loop, the time taken to make a voltage measurement is defined by 
the time which is required for the feedback loop to detect the change in 
current and to re-bias the grid to restore the collection of current to its 
original value. The fastest response time which can be achieved clearly 
defines the upper limit of the bandwidth of the system, which in the case of 
the system used by Copinath and Tee has been reported as being 501-1z, this 
figure being quoted as being prevalent with a beam current of 10 8A. If the 
beam current were to be reduced, the number of electrons available for 
collection would also be reduced, and it would be necessary to slow the 
response of the system if the signal to noise ratio were to be retained at 
an acceptable level. 
It may be understood at this point that the system using the sweep voltage 
might have some advantage in this context, since it is clearly a simple matter, 
if the beam current is reduced, to reduce the speed of the sweep to compensate. 
However, in the case of the feedback system, it would not be so simple to reduce 
the speed of the measuring system, since this would involve introducing some 
form of controllable analogue delay. This is not impossible, but neither is it 
so easy as changing the speed of a sweep. Further, a system employing 
feedback is notoriously prone to oscillation, in the case of the system of 
Gopinath and Tee, the primary source of oscillation has been identified as being 
capacitive 	p1ingj between the retarding grid and the outer hemisphere, 
resulting in positive feedback round the inverting amplifier loop. The paper by 
these authors published in 197626  describes techniques used to minimise these 
feedback effects, so it must be said that they can be overcome, but it is noteworthy 
that the work done by Hannah was not troubled by this problem. 
Having pointed out that the sweep system may have some advantages over the 
feedback system, it must also be said that there is one important sense in, which the 
feedback system might gain, and that is in potential speed of response. If 
problems such as oscillation could be fully and successfully overcome, it is clear 
that the feedback system wastes no time. It responds immediately to a change 
in specimen potential, and the measurement is made in the time which is needed 
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for the system to respond. However, in the case of the sweep system, time 
can be wasted either by the necessity to make at least one sweep in order to 
establish a datum position for the energy spectnun so that its new position as 
a result of some change in potential may be measured by making another sweep 
and comparing the new position against the old one, or by the fact that part 
at least of the time taken for the sweep may be redundant, if the peak of 
the spectrum lies within a small section of the sweep time. 
Clearly, then, the situation requires a typical engineering trade-off judgement, 
since both systems have their merits and demerits. The final comment which 
can usefully be passed here is that a sweep system was used for the work of this 
project, so it is clear that the judgement of this author was to the effect that 
the sweep system had the balance of the advantage. 
The foregoing may now be summarised as follows. Two separate systems 
have been described, each of which has been at least a partial success. Both 
make the measurement by detecting and quantifying the amount of the shift 
of the secondary electron spectrum which results from a change in the emission 
point potential, but they use substantially differing techniques for doing so. 
Nonetheless, the degree of accuracy attainable seems to be similar, and in both 
cases it could sensibly be argued that further development of these systems might 
offset their disadvantages. 	It is clearly sensible, then, to return to the literature 
to see if any other system has been reported which might be more satisfactory 
than either of the previous two. The system produced and reported by Balk et a1 28 
would seem to satisfy this criterion. 
The above authors have reported a system, shown in Figure 3.4.6, which can 
be seen to resemble some kind of cross between the two previously considered 
systems. The similarity to the system of Hannah may be seen in the use of the 
lens at a high potential for the purpose of removing electrons from positive 
tracks in spite of the surface retarding field, while the similarity to the system of 
Gopinath and Tee may be seen nearer to the collector, where it can be seen that 
analysis of the energies of the secondary electrons is done by retarding grids. 
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What, then, are the strengths and weaknesses of this system? 
As mentioned previously, the system of Feuerbaum et al incorporates a means 
of neutralising the surface retarding field above a positive conductor track, and 
uses an axially symmetric lens system analogous to that used by Hannah to 
accomplish this. The slightly different geometry to that employed by Hannah 
may give some degree of lattitude as to the point on the specimen at which the 
potential measurement is made, but the result of the use of an axially symmetric 
system must be that the point of interest must be moved to, or at least very 
close to, the electron optical axis. 	Nevertheless, creditable results for both 
negative and positive potentials have been published, with a quoted minimum 
voltage resolution of 30inV at a primary beam current of 10 -10A. 
Resolution is therefore adequate, and a commendably low primary beam current 
is used, so that damage to the specimen should be minimal. 
The retarding field analysis grids are used in a method similar to that of 
Gopinath and Tee, with a feedback loop maintaining a constant level of 
collected current, the magnitude of the correction signal being the measure of 
the specimen voltage. 
The novel aspect of this system, is the use of the cylindrical capacitor, not, 
as in the case of Hannah, for the energy analysis, but in this casesimply for the 
deflection of the secondaries away from the path of the primary beam and into 
the analysing retarding field. Two qualitative remarks can be passed on this 
scheme. The first of these is that there is merit in the notion of removing the 
secondaries from the area occupied by the primary beam before doing the analysis, 
since this ensures that the primary beam itself will not be affected by the analysing 
field. Effects such as defocusing and lateral shift of the primary beam cannot 
be ruled out j especially as voltage measurement is typically done at a low primary 
beam energy, with a view to minimising specimen damage and obtaining the 
maximum possible number of secondary electrons from the specimen. 	Also, 
it is difficult to site a scintillator collector anywhere other than to the side of the 
50 
specimen, and the use of this type of system allows the secondaries passing 
through the retarding grids to be collected in the normal manner. It should 
be remembered that this collection system was originally developed by 
Everhart and Thornlefor the purpose of maximising the signal-to-noise 
ratio, so it would be expected that this system would perform better in this 
24,252 
area than that of Gopinath and Tee, which used a solid metallic collector, 
which is characteristically poor as far as noise considerations are concerned. 
The other comment which must be passed is that for the reasons mentioned 
above, this author spent a considerable part of the time occupied by this present 
work in trying to develop a system which deflected the secondary electrons 
away from the electron optical axis to a remote area where they might be 
analysed. Several promising systems which will be detailed in the next chapter, 
were constructed and evaluated, and the clear conclusion was that a large 
proportion of the total secondary current was lost in the deflection process, the 
primary source of loss being collection of the electrons by the deflecting 
electrodes. For this reason, this approach was eventually abandoned in this 
work. Nevertheless, the system of Balk et al does seem to have overcome these 
problems to at least an acceptable degree, and results which have been published 
of work done on microcircuits have shown that these authors have had greater 
success than any others in developing a system with adequate performance, and 
in putting it to practical use. 
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CHAPTER 4: SUCCESSFUL FAILURES 
4.1 INTRODUCTION 
The next chapter will deal in detail with the system which was finally 
regarded as being an adequately successful attempt at the exercise of 
measuring potentials on a microcircuit surface. However, this system was 
designed, constructed and tested only in the latter stages of the time occupied 
by this work. What, then, of the early investigations which were performed 
during the initial stages? 
The one thing which all of the early attempts at potential measurement had 
in common was that they were in conventional terms unsuccessful, ie, they 
were incapable of measuring potentials. However, as is implied by the title 
of this chapter, the experiments which were carried out during this period cannot 
be wholly regarded as futile wastes of time, as a great deal of experience in the 
design and construction of electron optical systems was gained during these 
experiments. With this fact in mind, the three main systems which were 
investigated will be described in this chapter, and the points which were learned 
from each of them will be emphasised. 
4.2 THE FIRST ATTEMPT 
In assessing the first attempt which was made at constructing a potential 
measurement system it should be remembered that this work followed on quite 
directly from that of I M Hannah, whose thesis describes a secondary electron 
energy analyser constructed along similar lines to that of Wells and Bremer. 
In assessing this system, it was decided that certain of its features were 
praiseworthy, such as the ability to attract electrons away from the surface of 
positive conductor tracks, and the use of scintillator type of electron detector C 1  
'. 
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for the maximising of the signal-to-noise ratio of the detected signal. 
Although, as will be shown later, the use of a scintillator type of collector 
was in fact abandoned in the final system, it was perceived at this stage as 
being of significant importance, and to this end the system of Figure 4.2.1 was 
constructed. It will be seen that there is no attempt at energy analysis in 
this case, as this was simply an attempt to make a scintillator collector which 
would be more amenable to having some form of energy analyser attached to 
it than was the standard Everhart-Thornley collector which had been some-
what adapted by Hannah. 
When this collector system was constructed, it was envisaged that it would 
be sited above the specimen, with, in the intervening space, some arrangement 
of grids which would form a retarding field energy analyser working on 
principles similar to that of Gopinath et at, but of slightly different geometry, 
as it was decided that the hemispherical grid structure reported by Gopinath posed 
some problems in the fabrication and support of fine-mesh hemispherical grids 
which , if possible, it was preferable to avoid rather than to solve. So the 
collector was made from a sheet of perspex, shaped as part of an ellipse, with 
a hole at one focus of the ellipse, and the light guided attached at the other 
focus. The hole was coated internally with a phosphor, and then the whole 
mountiri 
perspex sheet, excluding only the light guide 	' 	point, was covered with 
aluminium deposited by vacuum evaporation. This coating was to serve as a 
conductor whereby electrical contact could be made to the phosphor coating 
on the inside of the hole in the plate, so that a high potential (in practice about 
5kV) could be applied to the phosphor for the purpose of giving the 
intrinsically low energy secondary electrons enough energy to cause the 
generation of a light signal of sufficient intensity. The light guide was duty 
attached to the mounting point on the perspex plate, and the system was 
installed in the SEM for testing, the theory being that as the phosphor. coated 
hole was centred on one focus of the ellipse, the light which was generated by the 
electrons when they touched the phosphor would all be focused at the other focus of 
the ellipse, where the light guide lay in wait to convey this signal to the photomultiptier. 
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Several flaws in this convenient but immature theory became apparent 
within minutes of the start of the tests. Firstly, there was now within the 
specimen chamber of the SEM apiece of material, complete with conducting 
coating and measuring some two inches by one inch, which was at a 
potential of 5kV. Although its supporting brackets were made, where 
possible, of polytetrafluorethyfene (PTFE) it was in the circumstances 
unavoidable that the first consequence of switching on the 5kV supply would be 
that electrical flashovers would occur in several places where sharp edges of 
the perspex plate came within reasonable proximity of some part of the 
earthed metal structure of the specimen stage or of those parts of the supporting 
bracket which were metal. 
Various measures were taken to overcome this problem, such as the rounding 
off of all possible edges of the perspex plate, and the use of silicone rubber 
insulator in various critical paths where flashovers had taken place, and, 
eventually, it was found to be possible for the structure to be held at 5kV 
without discharging problems. 	It was therefore possible to test its 
performance as a collector of electrons. Upon making this test, another 
flaw was found in the system which again was, with thought, a fairly obvious 
and inevitable result of using such a structure. This arose out of the fact that 
the primary electron beam, in order to reach the specimen, had to pass through 
the phosphor coated hole, which was at a potential of 5kv, and therefore 
comprised a powerful electrostatic electron lens, which inevitably defocused 
the beam, and introduced such immense astigmatism as to render the video 
image unrecognisable. 
There were two clear alternatives; either the structure could be abandoned, 
or some effort could be put into screening the primary beam from the effects 
of the field surrounding this collector electrode. As another structure which 
was worthy of investigation had by now come to light, and as it would not 
suffer from the troubles described above, it was decided to pursue the former 
course. However, before going on to discuss the next attempt at fabricating 
an electron collector, it is as well to reflect upon some of the lessons learned from 
this past experience. 
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Firstly, it was clear that any structure which incorporated elements which 
had to be at very large potentials (ie, something over one thousand volts, 
roughly) would be vulnerable to the flashover problem. As any scintillator 
which would be capable of detecting secondary electrons would have to be 
maintained at just such a potential, it seemed wise not to be too determined 
to incorporate a scintillator as part of the structure. Secondary electrons 
can be collected quite adequately on a metal plate, which can then be 
connected directly to the input of a high-gain amplifier, and it was decided 
that this method of collection would be used in the future. The possibility 
of incorporating a scintillator would not be forgotten, owing to its superior 
signal-to-noise characteristics, and to the better frequency response which can 
be obtained from this type of amplification system which does not require a 
high-gain but limited bandwidth amplifier to be introduced into the signal 
path. However, it was decided that the means of analysing the energies of the 
secondary electrons was a matter which was much more fundamental to the 
work in hand than the means of collecting the electrons. It was also noted 
that the experience of this past collector system had been based only on 
euristiJarguments and a few pencil sketches. There had been no 
significant theoretical considerations of the system, and it was perhaps as a 
result of this lack of a proper theoretical investigation of the system properties 
that the two major drawbacks of the system were only discovered when it was 
implemented as a physical reality. The construction of the system had taken 
some considerable time, and it was decided that the lesson to be learned here 
was that some theoretical consideration of any future system must at the very 
least be carried out in parallel with its construction. 
4.3 THE SECOND ATTEMPT 
As indicated above, it was decided that the next investigation would be 
carried out on a more scientific basis, with some attempt being made to correlate 
the performance of a system as observed experimentally with a theoretical 
treatment of its properties. What, then, would be the first system to be 
subjected to this new and more praiseworthy approach? 
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It was decided that a few guidelines would be drawn up, within which a 
practical system would be devised. One of the most important improvements 
which was looked for in any new system which might be devised was that it 
should have the capacity to extract secondary electrons from the effects of the 
retarding fields present above positive conductor tracks, and, in particular, 
that it should be able to do so from a substantial area of the specimen, so that 
the potentials of several points, all falling within the field of view of the video 
image at any one time, might conveniently be compared without the need to 
mechanically reposition the specimen. This implied that a uniform extraction 
field would have to be applied normal to the surface of the specimen and over a 
substantial proportion of its area. 	The only means which could be envisaged 
of accomplishing this was to mount a grid, at a positive potential, above and 
parallel to the surface of the specimen, and it is important to note at this point 
that this principle, which was first established in practice at this stage, was 
adhered to throughout this work. 
Having learned from the previous brief experience with the unsuccessful 
scintillator collector, it was decided that no immediate attempt would be made 
to construct a complete system at this stage, but that the system would be 
slowly built up and tested, so that when the final version was constructed, its 
component parts would already have been subjected to extensive appraisal. 
No attempt was therefore made to construct a grid which would in reality be 
able to apply an adequately strong field normal to the specimen surface to allow ,  
the extraction of secondary electrons from positive conductor tracks, and indeed 
earthed microcircuits only were used as test specimens. 
In deciding the configuration of electrodes which would handle the energy 
analysis of the electrons once they had travelled through the grid, it was 
decided to bear in mind that the use of a scintillator detector, although it would 
not immediately be implemented, was a desirable long-term aim. The system 
would therefore be designed in such a way as to allow the subsequent 
introduction of a scintillator with minimum difficulty. If this was to be 
accomplished; it was clear that the mounting of the scintillator would have to 
differ very little if at all from the standard method of mounting the collector in 
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the Cambridge instruments S2 SEM which was used for this work. As the 
specimen was to be mounted horizontally, in the conventional manner, this 
meant that the grid above and parallel to the surface of the specimen would 
propel the secondaries upwards, in a vertical direction, ie, away from the 
standard collector. Clearly, then, if the secondaries were to be collected 
by the standard collector, or by something resembling it and situated in a 
similar position, they would have to be deflected towards the back of the 
specimen chamber, where the conventional collector is housed. This was 
regarded as being no bad thing in any case, as, if the electrons were diverted 
out towards the back of the chamber, it would be possible to perform energy 
analysis on them in an area far removed from the influence of the primary 
electron beam. 
The structure which was employed for the purpose of performing this 
deflection is shown in Figures 4.3.1 and 4.3.2, these being photographs of the 
* 
sa me structure taken from different angles. The coins on which the structure 
is supported serve to illustrate its scale, and it should be noted that a plate has 
been removed from the system in order that it should not obscure the view of 
the constituent parts obtained by the camera. This plate would normally be 
mounted on top of the structure as it is shown here, and the primary beam would 
travel through to the specimen via holes in this top plate and in the lower plate, 
the latter hole being visible in Figure 4.3.1, with the beam travelling normal to 
the plane of the plates. 
This structure was to be suspended above the previously mentioned grid, 
which was to be electrically insulated from it, so that the grid could at some 
subsequent date be biased to a sufficiently positive voltage to allow it to give 
rise to a field which would negate the effects of the normal surface fields of a 
microcircuit , while retaining the structure suspended above it at the same 
potential as would be used during the initial tests. The results which this 
structure would achieve are shown in Figure 4.3.3, which is a sectional view of 
the structure as it was used to plot out the potential distribution and electron 
trajectories in the space enclosed by the plates and grid. The potential 
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distribution was calculated by solving the two-dimensional Laplace Equation and 
the trajectories by calculating movements of the electrons over successive 
suitable time increments by solving the constant acceleration equations in the 
horizontal and vertical directions. (For a treatment of the two-dimensional 
Cartesian and cylindrical co-ordinate solutions of the Laplace Equation by an 
iterative technique, see Appendix A.) 
It can be seen from Figure 4.3.3 that trajectories (1) and (2) may be 
regarded as quite acceptable with the electrode potentials as they are indicated 
on the diagram. Trajectory number (3) is less satisfactory, in that the electron 
still appears to have a significant vertical component of motion as it passes 
through the grid. However, it was decided that there was enough hopeful 
information contained in this theoretical investigation for the experimentation 
to proceed, as it was hoped that the electrons of trajectory (3) and those in that 
vicinity would be collected if a collector plate were to be placed sufficiently 
close to the outer side of the grid as to prevent the electrons escaping from it. 
Eferring back to Figures 4.3.1 and 4.3.2, it may be seen that the brass foil 
which was used as the collector was indeed situated as close as possible to the 
grid for this very purpose. 
The experimental set-up which was used to check the validity of these 
calculations is illustrated schematically in Figure 4.3.4, and Figure 4.3.5 is an SEM 
micrograph which was taken with the beam scanning a raster on the surface of 
a microcircuit specimen. The picture is at first puzzling. The image of the 
microcircuit is definitely present, but it is di'storted, or so it appears at first 
glance. However, closer examination reveals that the image of the specimen 
is in fact quite acceptable, and that what appears at first sight to be distortion 
is in fact the superimposition on the required image of a further image, 
consisting of a square pattern whose axes are at a slight angle to the horizontal 
and vertical edges of the picture. This, on reflection, is not surprising. 
The image which is superimposed on that of the microcircuit is that of the 
attracting grid situated above and parallel to the surface of the specimen, and indeed 
it is inevitable that this should appear as, in order to come as near as possible to a 
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simulation of the real conditions in which the system would operate the grid 
was placed approximately 1 mm away from the surface of the specimen, and 
it was pointed out at an early stage in this thesis that one consequence of the 
large depth of focus of the scanning electron microscope is that features whose 
depth would render it impossible to focus them simultaneously in an optical 
microscope can frequently be viewed, simultaneously and in apparently perfect 
focus in the SEM. In fact the grid is not perfectly in focus in the picture, 
but the principle holds good, le, the grid and specimen are sufficiently close 
together for a recognisable if not perfectly focused image of both to be 
displayed simultaneously. 
It therefore seemed that the efficiency of collection of electrons from the 
specimen was adequate (as the image of the microcircuit was quite recognisable) 
for further investigations of this collector system to proceed, with a view to the 
final development of an energy analyser. Clearly, however, the image of the 
grid which was superimposed on that of the specimen was a significant drawback 
of this system. But the grid could not be dispensed with, as there would then 
be no uniform extraction field over an area of the specimen, and the best that 
could be achieved would be the previously reported situation where the point of 
interest has to be moved to the electron optical axis of the machine for the 
measurement to be made. 
It was therefore decided to make some effort to retain the grid, but to 
negate its influence. This necessitated that a theory be postulated which 
would account for the exact mechanism whereby the image of the gjrid appeared 
on the video screen, and that some action be taken either to disable the mechanism, 
or by signal processing, to disguise its influence. Since, as explained, the grid 
had to be retained, it was decided to adopt the signal processing approach. 
Figure 4.3.6 illustrates the mechanism which was suggested as being responsible 
for the appearance of the grid on the video image. The theory was that as the 
primary electron beam scans across the surface of the specimen it is sometimes, 
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through a hole in the mesh (Figure 4.3.6(a)). However, when the beam has 
moved slightly, some proportion of the beam will be intercepted, and at some 
stage, when the beam is centred on a mesh wire, a maximum amount of the 
beam will be intercepted. The exact proportion of the beam which is 
intercepted in these circumstances will therefore depend on the distance from 
the grid to the specimen, the mesh pitch and transparency, and the solid angle 
occupied by the convergent beam, the latter being a function of the working 
distance and the size of the final column aperture. It should be noticed, 
however, that at no point on the photograph Figure 4.3.5 does the image of 
the microcircuit disappear. It is therefore clear that the beam is not at any 
point completely intercepted by the mesh. 
The consequence of this interception of at least some proportion of the beam 
by the mesh is that the number of primary electrons striking the surface of the 
specimen is commensurately reduced, and therefore that the number of 
secondaries generated is also reduced. Consequently, when the maximum amount 
of the primary beam is intercepted by the grid, the minimum amount of 
secondary electron signal is generated and available for collection. The crucial 
factor in determining the action which was to be taken to overcome this 
problem was that at no time did the secondary signal disappear entirely; it 
was merely diminished in strength in those areas where a maximum amount of 
the primary beam current was intercepted by the mesh. This implied that the 
balance might be redressed if the gain of the amplification system could be 
increased at the same time as the signal was most seriously diminished. How 
might this be achieved? 
In answering this question, it was noted that the times at which the gain of 
the video amplification system needed to be increased corresponded with the 
times when the maximum amount of primary beam current was intercepted by 
the mesh. If, then, a measure of the amount of current intercepted by the 
mesh could be obtained, this could conceivably be used to control the gain of 
one stage of the video amplification chain. The simplest way of measuring the 
amount of current intercepted by the grid was decided to be to connect the grid 
RE 
to the input of an additional amplifier. The grid would then be biased to its 
working potential by using a d.c. offset on the power supplies of the amplifier, 
in a similar manner to that used on the signal collection amplifier (see 
Figure 4.3.4). Such an amplifier was introduced to the systeni and it was 
indeed discovered that by displaying its output on the cathode ray tube display 
of the SEM it was possible to obtain a most acceptable image of the grid. 
This was not surprising as the situation was effectively the same as that of 
conventional picture generation by 'specimen current' means. 
So the measure of the amount of current intercepted by the mesh had been 
obtained. It now remained only to arrange that this signal should modulate 
the gain of some part of the video amplifier chain. Both the signal collection 
amplifier and the amplifier connected to the mesh were specially designed and 
built to fulfil their purposes as part of the work of this project, and it was 
decided that the most desirable way of controlling the gain of the video 
amplifier chain was to introduce another module into the video signal path 
immediately after the first amplifier. It therefore only remained to design and 
build an electronic circuit which was capable of having its gain varied by an 
appropriate amount, and whose gain could be controlled by the output of the 
grid amplifier. 
It was decided that this circuit would be based on the conventional single- 
stage transistor amplifier shown in Figure 4.3.7, the gain of which maybe shown 
by standard theory to be defined by the ratio of the resistors Rc  and R.  However, 
in this particular case, as the gain was to be both variable and controllable by 
another signal, it was decided to substitute a field-effect transistor (FET) for the 
resistor Re.  The source to drain resistance of this device would then be 
controlled by varying the bias voltage of its gate. This would be accomplished 
by biasing the gate to some appropriate d.c. value, with the inputsignal from the 
grid amplifier being capacitively coupled into the gate, so that the mean value of 
the a.c. perturbation would be determined by the setting of the d.c. bias level of 
the gate, and not by the d.c. level of the signal coming from the mesh amplifier. 
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A significant problem at this stage was that of choosing an FET which was 
suitable for this purpose, and in this context it must be realised that there was 
no requirement for a large amount of signal gain in this module, but simply a 
requirement that the gain should be controllable. As both the signal collection 
and grid amplifiers had their own independent gain controls, and as there was 
further provision for a controlled gain module at a later stage in the amplification 
chain, neither were there any critical limits on the amplitudes of the video and 
control signals while they were being processed by this 'gain-controlled' module. - 
By monitoring the video signal while the raster was being scanned and the 
image of Figure 4.3.5 generated it was estimated that the presence of the grid 
resulted at worst in a degradation of video signal intensity by a factor of 
approximately two. This indicated that a similar factor of gain control would 
be required, ie, that the gain of the additional module should be variable 
say, one to two, or from two to four. Various FET characteristics were 
investigated using a transistor curve tracer, and a particular device was finally 
chosen. The source to drain resistance of this device as a function of gate to 
source voltage is shown in Figure 4.3.9, the results being obtained from the 
curve tracer. It may be seen from the graph that the source-to-drain resistance 
of this device may be varied from approximately lkQ to 500Q by varying the 
gate-to-source voltage from -0.7 volts to -0.5 volts. Threfore', if a d.c. bias of 
-0.6 volts is applied to the gate, and an a.c. signal of 200 my amplitude is super-
imposed on this, the source to drain resistance will vary from 5002 to lkQ. 
It may therefore be seen that if this FET is inserted into the circuit of figure 4.3.8 
under these bias conditions, with a collector resistor, R C  of IkQ, the gain of the 
circuit will be varied from unity to two if the incoming signal from the grid 
amplifier is of 200mV amplitude. As the gain of the grid amplifier was 
variable, this was easily arranged. 	Effectively, then, a circuit had been devised 
which would amplitude modulate the video signal in such a way as to compensate 
for the effects of the interception of the primary beam by the grid.. 
Under test it was discovered that the output of the circuit was in fact the 
sum of this modulated signal and the grid, ie, the modulating signal. A 
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calculation wis performed, based on the assumption that the source-to-drain 
resistance of the FET, RDS,  could be characterised by an expression of the 
form 
- CONSTANT 
il 	 GS 
(4.3.1) 
where VGS  is the gate-to-source voltage. It was then shown that the a.c. 
components of the output of the circuit could be defined in the following 
equation: 
R  
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(4.3.2) 
where the terms are as defined in Figure 4.3.8. 
The output may be seen to consist of the sum of several terms, the two most 
signficant beingVbvmod and ViIVflOd 
The presence of the term Vilivinod confirmed that the circuit should indeed 
produce a certain amount of modulating action, and that of the term VbV mod 
shows that it is inevitable that some proportion of the modulating signal should 
be directly observed in the output. Further circuitry was therefore added for 
the purpose of nullifying the presence of the modulating signal in the output, and 
a further gain stage and a unity-gain output buffer amplifier were incorporated 
(see Figure 4.3.10). After a considerable amount of time and trouble had been 
devoted to ensuring that the input capacitances to both of the signal inputs were 
equal the modulator was found to work satisfactorily. 
Having found a satisfactory solution to the problem of the image of the mesh 
interfering with the video signal, it was now possible to devote attention to the 
matter of analysing the energies of the secondary electrons so that potential 
'Dv 






measurements might be made. It had been established that a signal 
of adequate intensity was collected when the primary electron beam was 
scanning in raster form, and it was now necessary to see if this would still 
be true when the beam was put into 'spot' mode and placed upon a 
conductor track of the microcircuit specimen. There seemed to be no 
reason why, this should not be so, but when 'spot' mode was introduced 
it was found that no signal was detected. It was therefore not possible 
to attempt to analyse the energies of the electrons coming from just one 
point. 
It was then decided that, as this particular specimen was at a potential of 
o volts across its entire surface it should have been possible to perform some 
form of energy analysis with the beam on a raster scan, as the energy spectrum 
of all electrons from all points would be the same. The system of Figure 4.3.4 
was used for this purpose without modification, as it was seen that the most 
straightforward way of introducing energy analysis to this structure was to 
simply vary the bias potential of the collector amplifier, thereby producing 
a variable and controllable retarding electric field between the mesh and the 
collector plate. Therefore, as with all retarding field systems, it would be 
possible to make the retarding field so strong as to prevent any electrons 
reaching the collector and then to progressively reduce its strength until more, 
and progressively even more 	collected. Finally, saturation would 
be achieved when all available secondaries were collected. 
With the primary beam scanning in raster form on the specimen surface, and 
generating the familiar video signal pattern from the equipotential surface, 
it should therefore have been possible to make the retarding field so strong 
as to prevent a signal being collected, thereby causing the video display to be 
blank, and by weakening the retarding field, to allowthe collection of increasing 
numbers of secondaries, until the maximum available number are collected 
and a video signal of maximum contrast is achieved. 
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It was found that behaviour of this type could be observed, but that it was 
not possible to completely remove all information from the video screen, from 
which it was concluded that either a certain number of backscattered primary 
electrons were finding their way to the collector, probably as a result of 
several collisions with the electrode system suspended above the specimen, or 
that secondaries were finding their way to the collector plate by some path 
other than the intended one (this might particularly apply to those secondaries 
which began with a significant component of velocity directed parallel to the specimen 
surface, and which might well have enough lateral energy to escape from the 
deflector system, but to come outside it, only to be re-attracted to the back of 
the collector plate). 	The final possibility was that of the generation of tertiary 
electrons by the backscattered primaries. These again would be of a sufficiently 
low energy to be affected by the deflecting field, and the production of a certain 
number of such electrons by backscattered electrons as they travelled back through 
the first mesh would be inevitable. In practice, the unwanted signal was 
probably composed of some unidentifiable combination of all three of these 
effects. What, then, was to be done? 
Reflection on this collector system showed that it had proved under test to 
possess several shortcomings. For example, it had been necessary to introduce 
the modulator system in order to cancel the effects of the attracting mesh on 
the video signal; there was evidence to indicate that stray electrons of no very 
well defined description were being collected on the collector plate and, for no 
reason that had as yet been identified, collection of electrons from the surface 
of the specimen was apparently impossible in 'spot' mode, although quite 
feasible in raster scan mode. 
Although with the benefit of hindsight and increased experience this decision 
is not now looked upon with such favour as that which it found at the time, it 
Was decided at this juncture to abandon this structure as a means of detecting 
the secondaries, and tc seek some alternative which might not possess the 
characteristic drawbacks associated with the previous attempt. The new 
structure would be enclosed in a solid box, in order to prevent any electrons 
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taking unpredictable 'back-door' paths to the collector, and would also have 
its electron optical characteristics examined more thoroughly than the previous • 
one before large amounts of development time were devoted to the introduction 
of elaborate electronic gadgetry, such as the modulation system which , although 
successful as an exercise in its own right, would now be rendered useless by the 
new and splendid collector system which was to be devised!. 
4.4 THE ELECTRON MIRROR 
It was decided that the basis of the new secondary collector system would 
be an electron mirror. As before, a grid would be situated above and parallel 
to the specimen surface, for the purpose of attracting secondaries away from a 
substantial area of the surface and of directing the secondaries vertically 
upwards. Now, however, the upwards travelling secondaries would be 
turned sideways towards a collector plate by a parallel grid electron mirror, 
angled at 450  to the direction of the primary beam and of the upwards 
travelling secondaries. As part of the more complete investigation which was 
to be made of this new structure, it would be investigated both theoretically, 
by computer simulation, and practically, by making a large-scale model of the 
system, before being assembled at its final size for testing in the SEM. 
The results of the computer simulation are summarized in Figure 4.4.1, 
showing the results of an iterative potential distribution plot which in this 
case was carried out as a full-scale exercise in computer programming, rather 
than by programmable calculator means, as the previous potential distribution 
plots had been, and of the trajectories of the electrons which were calculated on 
the basis of this plot, it must be commented at this point that this was the 
only piece of full-scale computer programming attempted during this work, and 
this was largely because an immense amount of time and trouble was put into 
simply developing a computer program which would successfully solve even the 
simple planar Cartesian case of Laplace's equation as shown in Appendix A. 
The amount of effort required to achieve this result on a mainframe computer 
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was compared with the amount of effort which had been put into the use of 
the programmable calculator in order to achieve a similar result, and it was 
decided without reservation that for problems of the level of complexity which 
had so far been involved in this work the programmable calculator was a much 
preferable means of solution. As a consequence of this decision, only a 
small amount of effort was devoted to an attempt to create a program which 
would allow trajectory plots to be made, and then this idea was abandoned, 
the trajectory plots shown in Figure 4.4.1 being obtained as a result of some 
two hours work with the programmable calculator. 
The above is symptomatic of an attitude which was adopted at the beginning 
of this work, and which was adhered to throughout. This centred around the 
fact that the central purpose of the exercise was to contribute to the development 
of a voltage measurement system which could form the heart of a larger system 
which would have a real application in the field of microcircuit testing. From 
this stemmed the determination to collect electrons from across an area of the 
surface of the specimen, and also the determination to keep the structure of the 
energy analyser as simple as possible. It was therefore consistent with the 
overall philosophy of the exercise that no large scale attempt was made to 
simulate the performance of the system by computer programming, as there 
was no intention to produce the ultimate in energy analysers, with perhaps 
sub-millivolt voltage resolution. 	Rather, the device was to possess the 
desirable characteristics mentioned above, along with a voltage resolution 
which was adequate for the purpose. A figure of 0.1 volts resolution would 
have seemed reasonable, as this would, for example, allow the detection of the 
base-emitter voltages of a silicon transistor (about 0.6 to 0.7 volts) to a 
perfectly acceptable degree of accuracy. 
The indications from the trajectory plots shown in Figure 4.43 were that 
by using a mesh spacing of 1mm between the wires, as shown, electrons 
entering the field between the two meshes would be reflected from the field at 
an angle of 900  from their inward trajectory. The increased distance between 
extreme trajectories (ie, those marked B and C) after reflection indicates that a 
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certain amount of spreading of any beam of electrons is inevitable as a result 
of the use of this system, but it was decided that the indications were quite 
favourable for good reflection efficiency. 
As an initial step in the testing of the electron mirror concept the system 
shown in figure 4.4.2 was constructed. For the first time in this work, tests 
were to be done on a system outwith the specimen chamber of the SEM, and 
using a source of low energy electrons other than secondary emission from a 
specimen as a result of irradiation by a high energy beam. In this case the 
vacuum chamber in which the experimental work was carried out possessed a 
viewing port which allowed the elements of the system to be observed at work. 
It was therefore practical to use a fluorescent screen as a means of displaying 
the pattern of electrons as they were collected. 
The electron gun, which was a remnant of a previous piece of work by the 
author31 , possessed the facility of allowing the electron beam to be focused, 
both by electromagnetic alignment coils and by the movement to and from the 
tungsten emitter of the cylindrical Wehnelt and anode electrodes. As an 
initial step in the setting up of this test system, then, the electron gun was 
aimed straight at the fluorescent screen and the various adjustments were made 
so that the emitted beam was of as small a cross sectional area as possible, 
measured by obtaining the smallest possible spot on the fluorescent screen. 
The indications of the trajectory plots illustrated in Figure 4.4.1 were therefore 
that after deflection the spot would be noticeably, but not catastrophically, 
more diffuse as a result of the spreading induced by the mirror. 
When the mirror was inserted between the electron gun and the fluorescent 
screen, as shown in Figure 4.4.2, it was discovered that the pattern observed 
on the fluorescent screen consisted of a fairly concentrated spot of light of 
about 1mm diameter, surrounded by a less intense glow covering the whole 
screen which was approximately 30mm square. This was achieved only 
after many adjustments had been made to the experimental set-up in order to 
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gun and the other components of the system), and the conclusions which were 
drawn were as follows. 
Firstly, it seemed that the mirror was working to some extent as predicted, 
in that the dense spot in the centre of the screen could be interpreted as being 
at the point of impact of the fine beam emanating from the electron gun. The 
spot was only approximately circular and did not have well-defined edges, and 
this was attributed to the spreading of the beam which was predicted by the 
calculations. But surely the general glow across the screen could not be due 
to the small amount of spreading which was predicted, even allowing for 
inaccuracies in the calculation? 
Further consideration suggests that the general glow arose from the impact on 
the fluorescent screen of two types of electrons. The first of these would be 
electrons which struck the mesh wires either of the mirror mesh, of the two meshes 
which were used to provide equipotentials normal to the incoming and outgoing 
trajectories of the electrons, or of the screen grid which was used to prevent the 
large field arising from the fluorescent screen from penetrating into the region 
occupied by the mirror. A further category of electrons which would be 
eligible for collection by the fluorescent screen would be secondary electrons• 
which would be generated at the contact with mesh wires of electrons from the 
electron gun. With the electron energies in the region of a few hundred volts 
which were being used in these tests it was to be expected that a significant amount 
of secondary emission would take place, so it was not surprising that secondaries 
generated by this means were collected on the fluorescent screen. Various 
attempts were made to minimise these spurious effects, eg, by introducing a 
further grid between the fluorescent screen and the screen grid, this providing a 
retarding field across which the higher energy electrons from the electron gun 
could travel, but which would repel any lower energy electrons generated by 
secondary emission within the system. This, like several other attempts based 
on similar principles, was unsuccessful, largely because there would always be 
secondary emission from the last grid on the trajectory before the fluorescent 
screen, and there would always be scattering from the other grids to ensure that 
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this emission took place over a wide area. It was therefore inevitable that 
stray electrons would, as described above, confuse the result of this 
experiment. 
However, two useful ideas had been brought out by this experience. 
The first was that there was at least some evidence, in the intense spot in the 
centre of the fluorescent screen, to indicate that whatever spurious electrons 
might be generated within the system, the electrons which were wanted were 
also getting through. The second was that it was liable to be true in any 
system which was constructed that stray, unwanted electrons could be induced 
in the system by secondary emission which took place from the elements of 
the deflecting or analysing structure. As yet the exact consequence of this 
fact for any final system could not be foreseen, but this was the first occasion 
in the course of this work that this phenomenon had been noticed, and it was 
felt that its influence on this and any future system should be borne in mind, 
if only for the purpose of explaining anomalies in the system performance. 
It was at this point in the project that the idea of 'electron accounting' was 
first introduced. It was felt that it would be valuable with this experimental 
set-up to monitor the amount of current being emitted from the electron gun, 
and to measure how much of this current was intercepted by the fluorescent screen. 
For this purpose the screen was modified by placing a Faraday cup behind a 
hole in the screen and insulated from the screen, the hole being as near as 
possible to the point at which the brightest spot of fluorescence had been 
observed. For ease of illustration this has been included in Figure 4.4.2. The 
current leaving the electron gun was monitored, as also shown schematically in 
Figure 4.4.2 by connecting the negative poles of all power supplies for the 
electron gun to a common negative point, which was then connected to earth 
via a micro-ammeter. Hence, the current in' the electron beam leaving the 
gun had to be reflected in an exactly equal positive going conventional current 
flowing down to earth through the micro-ammeter. The current intercepted by 
the Faraday cup was measured by connecting it to the input of a high-gain amplifier 
whose output voltage was monitored as the electron beam from the gun was switched 
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on and off. The measured change in output voltage in response to the 
switching on and off of the beam , when divided by the gain of the 
amplifier, gave the intercepted current. 
The first readings which were taken indicated a gun emission current of 
lOpA and a collected current of 120nA. The collection efficiency was 
disappointing, but on reflection this was not surprising. The only current 
which would reach the Faraday cup was that which passed through the hole 
in the fluorescent screen and, since it had already been decided that some 
proportion of the beam would be lost due to scattering of the electrons from 
the wires comprising the various meshes, it was to be expected that something 
less than the emission current would be collected. However, it was not 
expected that the beam would be reduced to only 1% of its original intensity. 
Various modifications were tried to see if some improvement could be 
achieved, but all were in vain. The most successful of the experiments did 
in fact show that things were in reality even worse than had been assumed 
above. In this case, the electron mirror was removed in its entirety, with the 
gun and screen still in their positions as shown in the diagram. It was then 
possible to measure a collected current of some 5OnA, indicating that 
significant current was collected even without the mirror deflector. How 
much, then, of the previously intercepted current was travelling to the 
collector by the recognised route, and how much was collected straight from 
the gun, due to penetration of the field of the fluorescent screen into the region 
occupied by the gun? 
The fluorescent screen was held at a potential of only 200 volts, thereby 
minirnising the effects of the field penetration due to the high voltage. 
Also, the proprietary mesh which had been used to fabricate the triangular 
structure shown in Figure 4.4.2 was dispensed with, and a specially fabricated 
mesh substituted. This7 mesh was carefully wound by hand, using an aluminium 
frame as a former. It was of approximately 3mm pitch, and was wound in one 
direction only, for increased transparency. 
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Under test, the first and most worrying thing which was noticed was that 
the apparent intercepted current in the Faraday CUP behind the fluorescent 
screen was constant at about 80nA irrespective of whether the mirror field 
was present or not. Again, this indicated that the current was arriving at 
the screen by some route other than that through the mirror. However, it 
was also clear that in the presence of the high potential (about 2.5kv) on the 
fluorescent screen the switching on and off of the mirror field resulted in the 
appearance and disappearance of a bright and concentrated glow on the screen. 
Without the mirror field, only a dull and diffuse glow was observed. Indeed, 
it was thought that the intense bright glow must be due to a large intercepted 
current, and to investigate this a micro-ammeter was connected so as to monitor 
the current collected on the fluorescent screen. 
It was discovered that with an electron gun potential of 500 volts, ie, 
emitting 500eV electrons, and a screen potential of 2.5kV, a gun emission 
current of 18 jiA resulted in a collected current, measured on a micro-ammeter, 
of 4 uA, and that the reduction in potential (if the fluorescent screen to 300 volts 
resulted in a diminution of the collected current to a value of 2 pA. In either 
case this demonstrated a much better collection efficiency than that which had 
previously been indicated. The fact that the collection efficiency was less than 
unity was attributed to the spreading of the beam due to the peculiar field 
distribution in the proximity of the widely-spaced mesh wires, and to the fact 
that the physical transparency of the mesh was unknown but still something. less 
than one hundred per cent. The change in the level of collection as a result of 
a change in the collector potential was attributed to the fact that secondary 
emission was taking place from the grid marked 'screen grid' in Figure 4.4.2. 
With the fluorescent screen at 2.5kV, a strong accelerating field existed between 
the screen grid and the screen itself. This would accelerate the emitted secondaries 
to the screen, where they would contribute to the scintillation. However, with 
the collector at a potential of 300 volts, the secondaries would be unable to overcome 
the effects of the 200 volt retarding field between the screen grid and the screen, 
so that only the 500eV electrons from the electron gun would be. able to penetrate. 
It could therefore be said that the bulk of the 2 11 A intercepted current was the 
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result of the action of the mirror, as, in the case where the collector was at a 
lower potential than the gun, there was no risk of high-voltage field penetration - 
which might induce electrons to arrive at the collector by a spurious route, 
and secondary electrons emitted from within the system would also be 
excluded. 
There is clearly an element of self-contradiction in the above passage. At 
one stage a current of a few nano-amps was being intercepted, and later, with 
experimental conditions which had changed only slightly, a current of several 
micro-amps was being recorded. What was the cause of this? 
It is believed that the following factors contributed to this curious state 
of affairs. 	Firstly, although no figures were available, it is believed that the 
proprietary criss-cross mesh which was used for the initial experiments was of 
low transparency, and that this resulted in low transmission of electrons. 
The hand-wound mesh which was substituted had a much higher transparency 
but, because of its large pitch, had a field pattern which was much less similar 
to that of a planar equipotential than was that of the original mesh. 
Consequently, the hand-wound mesh transmitted more electrons, but also caused 
more spreading of the beam. Also, the method of collection differed somewhat. 
It will be noticed in Figure 4.4.2 that the only measureable record of the amount 
of beam current being intercepted was that obtained by measuring the current 
collected in the Faraday cup behind the fluorescent screen. This procedure, 
however, took no account of the amount of current being intercepted by the 
front of the screen, or of the fact that a powerful retarding field existed between 
the back of the screen and the cup. Therefore, it was likely that while nano-
amps were being measured in the cup, the residual micro-amps were being 
collected on the screen, and that these were only detected when the collection 
was taken directly from the screen itself. 
The foregoing serves to illustrate that this is not, with the benefit of hindsight, 
regarded as the best experimental set-up which could have been applied to this 
investigation. 	Nevertheless, it had at last given useful information, and it was 
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felt that there were grounds for optimism which were strong enough to justify 
constructing a scaled-down version of this system which could be tested in the 
SEM. 
The system of Figure 4.4.3 was constructed and installed in the SEM for 
testing. In this case it was decided that it might be helpful if some standard 
of comparison could be provided, whereby the quality of the video signal 
collected by this system could be compared with that of a more normal 
collection system. To compare it with the collection of the standard Thornley-
Everhart collector was regrettably impossible as this had to be removed in 
order to leave sufficient space in the specimen chamber for the new system to 
be installed. However, it was quite feasible to arrange that a specimen current 
picture should be generated. 	Figures 4.4.4, 4.45 and 4.4.6 show the results which 
were obtained with this collection system. The black areas near to the left hand 
side of the first two pictures are caused by the interception of the beam current by 
the mesh above and parallel to the surface of the specimen. 
The collection efficiency of Figure 4.4.4 may be seen at first glance to be 
quite good. Surface detail may be seen quite as clearly as in the specimen current 
picture, Figure 4.4.5. However, in the absence of the mirror field, the image 
(see Figure 4.4.6) may be seen to be typical of a back-scattered electron picture, 
with a lack of contrast and detail which is typical of a picture formed from back-
scattered electrons of a specimen such as a microcircuit which is quite flat. 
In order to prevent the recurrence of the troubles which had beset the 
previous collector system of electrons reaching the collector plate by travelling 
around the outside of the electrode system, the structure shown in Figure 4.4.3 
was completely enclosed in a brass box, so that the only physical path from the 
specimen to the collector was via the mirror. It was postulated that the 
collection of electrons which took place in the absence of the mirror field was 
due to the backscatteriig of high-energy electrons from the specimen, and the 
subsequent deflection of these electrons towards the collector plate as a result 
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- presence of the mirror field secondary electrons were reaching the collector, 
and in sufficient numbers to swamp the backscattered electron signal. The 
unavoidable question now had to be answered : was it possible to perform 
energy analysis on these secondaries, with a view to measuring surface 
potentials? It should also be remembered that the previous system had failed 
at this point, due to its apparent inability to perform satisfactorily on this 
crucial point. 
Once again, the entire specimen was maintained at earth potential, and, 
with the electron beam scanning a raster, a retarding field was introduced between 
the collector plate and the exit grid (see Figure 4.4.3). Happily, in the 
presence of a sufficiently strong retarding field (ie, with the collector plate 
taken down to zero volts) all traces of the secondary electron image had ebeen 
removed from the display, leaving only the grainy backscattered image, as 
shown in Figure 4.4.6. Clearly the system was sensitive to the energies of 
the secondary electrons. 
It was now necessary to put the electron beam on a 'spot' of interest, to 
see if a similar effect could be achieved in this mode. Regrettably, the same 
symptom as that which had been encountered on the previous collector system 
was now discovered. In 'spot' mode, there was no perceptible output signal. 
Although the next chapter will show that the problem which caused this 
trouble was a comparatively trivial one, investigations which were made at this 
stage of the work failed to isolate its cause. It was also realised at this time 
that there was going to be some considerable difficulty, with this present 
structure, in introducing a very high field normal to the surface of the specimen, 
as it was envisaged that this would be done by suspending a grid above and 
parallel to the specimen surface, and there was no apparent means of supporting 
such a grid from the present structure. 
Approximately two-thirds of the allotted time span of this work had now 
elapsed, and it was perceived at this time that although a great deal of useful 
experience in the practical realities of systems which were capable of handling 
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low energy electrons had now been obtained, it had to be conceded that in 
many fundamental senses the prime purpose of the project had not been 
fulfilled. The system did not have the capability of introducing a large 
field normal to the specimen surface, such as that which was proved to be 
required in Chapter 3. Further, it was apparently incapable of making 
potential measurements from a selected point. Its only merit seemed to be 
that it had the capability of deflecting the electrons out to the back of the 
specimen chamber where, if an appropriate technique could be found, energy 
analysis might be performed and the electrons might be guided onto a 
scintillator detector, thereby achieving a good signal to noise ratio. But the 
crux of the matter was that an acceptable technique for performing the 
energy analysis had not yet been developed, and, in view of the shortness of 
time which was now available, this led to a decision to re-appraise the work which 
had been done in the light of the original aims and, if necessary, to embark upon 
the design and construction of a new system which would adhere more strongly 
to the original principles of the exercise. 
• In the event, it was decided that just such a new system would be 
implemented. The next chapter will describe this system, with which success 
was finally achieved. 
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CHAPTER 5: A NEW APPROACH 
5.1 INTRODUCTION 
Chapter 3 has now dealt with the principles of voltage measurement in the 
SEM, and Chapter 4 has illustrated some experimental set-ups which were used 
to investigate the possibilities of deflecting the secondary electrons towards the 
back of the specimen chamber, and hence towards the standard electron 
collector, in the hope that the analysis of the electron energies could be 
performed in the space between the collector and the deflection system, 
probably by some form of retarding field system similar in principle to that 
used by the Duisburnd Bangor 24 groups. 	However, it has been shown that 
attempts to use retarding field analysis at a single spot with a metal plate 
collector were unsuccessful, although signal levels detected while the primary beam 
was scanning the specimen in raster form were sufficient to allow the formation 
of a video display of acceptable clarity and signal-to-noise ratio. This last 
point continued to be puzzling. 
However, a 'stock-taking' of the work which had been accomplished to date, 
and of the proportion of the total time allocated for this work which had 
elapsed, indicated that it was of paramount importance that a system which 
had the capability of successfully performing the energy analysis should be 
designed and constructed. If, in so doing, it was necessary to sacrifice some 
of the laudable intentions which had been adhered to so far, so be it. 
5.2 INITIAL CONSIDERATIONS 
So what could be sacrificed? And could the experience which had been 
gained be drawn upon to answer this question, to define those ideas which must 
be retained if the work were to be of value, and to give an indication of the 
area of investigation which was most likely to be profitable? 
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In answering these questions, it was decided that in the work reported thus 
far, there had been some element of putting the 'cart before the horse'. 
Systems had been designed to have the capability of deflecting the electrons 
towards the Thornley-Everhart collector, on the assumption that the 
energy analysis system could be added as some sort of afterthought, but 
experience indicated that this was not so. Consequently, the new system 
would centre around the design of the analyser, and a scintillator collector 
would be incorporated, if appropriate, as a final step. 	But if the scintillator 
collector were to besacrificed, the ability to make measurements on positive 
and negative - tracks over a substantial area of the specimen surface had to be 
retained as perhaps the most significant single contribution to the field 
arising out of this work. 
The most signficant idea arising out of previous considerations of other 
work and from the experience gained so far was the use of retarding field 
energy analysis, or perhaps of the use of an electron mirror. These two 
concepts are related. The retarding field analyser is either an electron mirror 
or a transmitter, depending on the electrode potentials used, and their 
relationship to the electron energies. Experience had been gained with 
the use of an electron mirror made of grids. Was this the best type of 
mirror, or could some other transmitter/reflector arrangement more effectively 
perform this task? 
A particularly appealing configuration of electrodes which could fit the 
requirements was encountered in Paszkowski's 29 text book on 'Electron Bean'. 
No grids were required, so problems associated with their transparency would 
not be encountered, but the basic retarding field analysis principle could be 
retained. 	 - 
5.3 THE NEW SYSTEM 
It was decided that the new analyser should be made from a combination 
of two of the most basic components in electron optics, viz the electrostatic 
electron lens and electron mirror; or, to be more accurate, that a single system 
should be constructed which was capable of operating either as a lens or as a 
minor, with the potential of just one element of the system determining which 
of the two possible states was selected. Since one of the primary requirements 
for the new system was that of minimal structural complexity, it was decided 
that the lens-cum-mirror would be constructed from three machined brass rings, 
which would be placed one above the other with their centres as near as 
possible to the electron optical axis of the SEM column. This tn-element 
system was mentioned in the text-book by Paszkowski as possessing the happy 
property of being either a lens or a mirror according to the voltage applied to 
the central element and its relationship to the energy of the incident electron 
beam. It therefore seemed eminently suitable for the purpose in hand, 
and the brass rings which were to be the component parts of the system could 
be easily and accurately machined on a commonplace lathe. This left only 
the dimensions of the rings to be decided, and the means of doing this will be 
dealt with in the next section. 
Accepting, then, that three collinear metallic rings could constitute either 
a lens or a mirror according to the potential of the central electrode, it is clear 
that if a beam of electrons is injected into the lens system, electrons will be 
either transmitted and focused or reflected, depending on the relationship of 
the beam energy to the potential of the central element of the lens. Carrying 
this idea a stage further, it can be readily understood that if the central element 
of the lens is held at a negative value, so that incoming electrons are repelled 
back, and is then slowly made more positive, a threshold value will be reached 
at which (assuming the beam consists of electrons with a distribution of energies) 
some of the higher energy electrons will manage to penetrate and be transmitted 
through the lens. If the process of making the central element more positive 
is continued, more electrons will be transmitted, until at some comparatively 
positive value all the electrons will be transmitted. The difference between 
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the most positive and most negative values of potential which must be applied to 
the central electrode will be determined by the spread of energies of the 
electrons in the beam (see Figure 5.3.1). 
It is clear from the above that if a collector is placed in such a position as 
to allow it to collect all electrons which are transAiitted through this lens 
system, then the current collected as the potential of the central lens element 
is changed will be of the same form as that of the integrated energy spectrum 
of secondary electrons, shown in Figure 3.4.4. It may therefore be surmised 
that if the potential of the whole lens system is set so as to transmit electrons 
with energies in the region of 0 to 10eV, with the central electrode determining 
the point at which significant transmission occurs, this lens-cum-mirror system 
is capable of detecting the integrated energy spectrum of the secondary 
electrons. Clearly, figures and analyses are needed to substantiate this 
argument, but the principle can at this stage be alleged to be plausible. 
If a system of the type described above is to be used for this purpose, two 
further questions must be answered. These relate to the means of collecting 
the electrons which are transmitted through the system, and, more fundamentally, 
to the means of inducing secondary electrons which are emitted from tracks 
at positive potentials to overcome the surface retarding field and enter the 
sphere of influence of the analysing lens. The first of these questions is the 
more easily answered. By far the simplest way of collecting any reasonable 
number of secondary electrons is simply to place a metal plate in their path. 
It is also advisable to bias this plate slightly positive, so that electrons are 
actively attracted to it, rather than simply to place it in their path and hope. 
This plate must be connected to a very high gain amplifier, which is capable of 
detecting the very small current (typically in the region of no more than a few 
pico-amps) which is contained in a typical secondary electron beam, and of 
converting that into a voltage which is large enough to cause a detectable 
modulation of the brightness of the display cathode ray tube, so that a 
meaningful picture can be displayed. The high-gain amplifier which was 





















THREE ELEMENT LENS WITH SWEEP APPLIED 
AND RESULTANT COLLECTED CURRENT 
FIGURE 5:3.1. 
It should perhaps be emphasised at this point that, as before, it was intended 
that the collection system should operate either as an analyser which would 
quantify the energies of electrons emitted from a specific chosen point, with 
a view to measuring the potential of that point, or as a straightforward collector 
of secondary electrons from the surface as the beam scanned its more 
conventional raster for the purpose of image generation. 
It had been decided that it was of paramount importance that the system 
should have the capability of attracting secondary electrons from a substantial 
area of the specimen surface, so that measurements of potential could be taken 
from several different points without the need to mechanically re-position 
the specimen. This meant that the previous idea of mounting a positively 
biased grid above and parallel to the surface of the specimen would have to be 
retained in the new system. It was shown in Chapter 3 that the need to 
neutralise surface fields above positive conductor tracks could result in the 
necessity to apply between the grid and the specimen surface electric fields 
in excess of 1 MVm. From the point of view of safety, and also because few 
power supplies are available which can give outputs in excess of a few kilo-
volts, it was decided to attempt to suspend the grid at a distance of about I mm 
above the specimen surface. With this spacing, it would only be necessary to 
bias the grid positively to the value of 1kV in order to reach the requisite field 
strength. 	Figure 5.3.2 illustrates the problem which, in the light of the above 
criterion, prevented the realisation of the initial aim of collecting electrons 
from the entire specimen surface. If the grid was going to be spaced just 1 mm 
from the surface of the specimen, it would clearly have to protrude to some 
extent down into the well in the package in which the specimen was mounted. 
This necessitated that the grid should be mounted on some form of metal 
'nose-piece' which could be suspended from above. However, it can be seen 
from Figure 5.3.2 that although the microcircuit itself is an essentially planar 
device, this criterion cannot be applied near the edges of the chip, where the 
bonding wires attaching its bonding pads to the external connexions on the package 
make contact. Since it was imperative to ensure that there was sufficient spatial 
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preclude the possibility of damage to the wires by either mechanical contact 
or electrical flashover, it was clear from the geometry of the structure that 
the grid and its supporting assembly would have to be substantially smaller 
in area than the microcircuit under test. 	Since microcircuit chips vary 
substantially in size, it is clearly possible that one particular size of attracting 
grid will not be sufficient to accommodate all possible test conditions, but 
for the microcircuit samples which were available it was decided that a grid 
which was approximately 3mm in diameter would satisfy the above criteria. 
Happily, grids of 3.05 mm diameter are commercially available from several 
sources, and with varying degrees of mesh density. Some calculations were 
done, which will be dealt with in the next section, and some experiments 
were carried out with various meshes. A scientific paper 30 was published on 
this topic, in which it was shown that a comparatively coarse mesh 
(approximately 0.5 mm pitch, and with a hexagonal rather than square mesh 
pattern) was found to be best of the available choice. It was also pointed out 
that in the absence of the mesh, the system, with its round 'nose-piece' 
remaining, became analogous to the previously constructed systems, with 
very good efficiency of electron collection from a point on the electron 
optical axis of the system, but very poor collection efficiency from the rest of 
the scanned area. 
The essential elements of the electron collection and analysis system which 
was to be used in this work have now been defined. The system was to consist 
of a grid, at a high potential and adjacent to the specimen surface, for the 
purpose of attracting electrons away from the surface, with three parallel apertures 
above the grid, these forming a lens-cum-mirror type of retarding field electron 
energy analyser, and above these a positively biased plate which would collect any 
secondary electrons which might be transmitted through the analyser. Clearly 
the two questions which must now be asked are whether or not such a system 
could be constructed and made to work in practice, and whether or not an 
adequate account could be provided of its mode of operation. 
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5.4 THE SUBSTANTIATING THEORY 
5.4.1 Introduction 
The final point made in the previous section is essentially concerned with 
the need to produce a quantitative model, based upon fundamental laws of 
physics, which would adequately account for the performance of the system. 
This in effect means that a way must be demonstrated of calculating the 
electric field distribution within the region encompassed by the analysis 
system, and of calculating the trajectories of electrons within that region. 
In any region of free space where there is no source of electric charge, 
the electric field, and, by implication, the potential distributions are defined 
by the three-dimensional Laplace Equation. - Since this fact is a well- 
electronics  
established basic point of most undergraduate - 	- courses, it is clearly 
possible to accept it, and to start from that point in the hope of producing 
a form of solution of this equation which can sensibly be used to produce a 
map of the potential distribution within the area of interest. Having 
established this potential distribution, some means must then be defined of 
using the distribution to calculate the electron trajectories. 
For all but the simplest of physical configurations, it is not sensible to 
expect to produce an analytical solution of the Laplace Equation. Since the 
electrode shape in the case to be investigated here did not fall within the 
realms of the simple, it was decided to adopt an iterative approach to the 
solution. It was necessary to divide the system into two parts for the 
purpose of completing the calculation, the dividing line being along the mesh 
parallel to the specimen surface. 	Reference to Figure 5.4.1 shows that below 
this grid, the electric field is of planar symmetry, whereas above the grid, the 
system has three-dimensional axial symmetry. Appendix A gives details 
of some of the more significant calculations which were performed, and gives 















SCHEMATIC OF ANALYSER, GRID AND GRID SUPPORT 
IN PLACE ABOVE A PACKAGED MICROCIRCUIT SPECIMEN 
FIGURE 5,4,1, 
Having produced two formulae which between them cover all points on 
the iteration system, it is necessary to consider what is the best means of 
performing the iterative calculation. Hayt 32 shows that the accuracy of 
the final solution of the potential distribution problem is limited not by the 
number of iterations which are performed (and hence the degree of accuracy 
to which successive iterative solutions agree), but by the coarseness of the 
mesh employed (see Appendix A). Hence a very coarse mesh upon which 
many iterations are performed, so that successive solutions agree to several 
places of decimals, will produce a very much less accurate representation of 
the real potential distribution than will a very fine mesh on which comparatively 
few iterations are performed, so that the final two sets of answers agree to 
perhaps only one decimal place. 
Whatever the number of mesh points used and number of iterations performed, 
it is clear that the task of performing this calculation will be repetitive and, if a 
large number of mesh points are used, time consuming. 
As with the calculations mentioned in the previous chapter, it was decided 
that the programmable calculator method of solution was sufficiently inviting 
as to warrant investigation. 
Firstly, as with all methods of solution, the exact shape and dimensions of the 
systern had to be defined. Paszkowski was consulted again, and it was 
discovered that the most distinctive characteristic of the lens-cum-mirror 
system as defined by him was that the aperture in the central element of the lens 
should be much smaller than thosein the other two plates, which should be of a 
similar dimension. The specimen chamber of the SEM was studied, with a 
view to discovering the amount of space which was available within which to. 
mount the system, and, with the aid of these two pieces of information, the 
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FIGURE 5,4.2, 
The grid pattern which would allow the iteration to be performed was then 
superimposed upon this structure as shown in Figure 5.4.3, the symmetry of the 
structure again being used to allow solution on one side of the axis only. It 
was decided that there would be three potentials in the system shown, these 
being the potential of the 'nose-piece' supporting the grid which attracted the 
secondary electrons away from the specimen surface, that of the two larger 
diameter outer plates of the analyser system, and that of the central plate, which, 
it should be remembered, was to be varied in such a manner as to cause the 
conversion of the system from lens to mirror mode. It was therefore decided 
that three calculations would be performed. In the first, the nose-piece 
would be considered to be at its working potential, with the rest of the system 
at OV. In the -second the upper and lower plates of the analyser would be 
considered to be at their working potential, with all other elements at OV, 
and in the third, the central element of the analyser would be considered as 
being at a working potential, with the remaining elements at OV. By this 
means, any one of the three solutions could be scaled by any factor, and the 
complete solution in the presence of working potentials on all electrodes would 
be obtained by the principle of superposition, the three separate solutions 
being summed, point for point, to give the final result. This meant that a 
complete solution for the potential distribution with various potentials on the 
various electrodes could be obtained by performing only three iterative 
procedures, followed by a small amount of straightforward multiplication 
and addition. 	With the number of points illustrated in Figure 5.4.3, it was 
well within the scope. of a few hours work with the programmable calculator 
to produce iteratively the three necessary potential distributions, so it can be 
seen that it was not unreasonable to undertake the calculation of the potential 
distribution by this technique. 
The question of accuracy must now be raised. It is well and good to 
develop a technique which can, with only a small amount of work, produce a 
solution to a given problem, but it is another matter again to decide if this 
technique produces an answer which is acceptably accurate. In order to 
quantify the accuracy of the method, a comparison was made between the 
accuracies of the analytical solution for the path of an electron moving. 
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between two parallel conductors (see previous section on electron moving from 
specimen surface to attracting grid). Figures 5.4.4 and 5.4.5 show the two 
ways in which the situation was considered. 
Considering, in Figure 5 .4.4, that the distance moved by the electron in 
the x-direction is x, it may be shown that 
x 
	 (5.4.1) 
where the symbols are as defined in Appendix A. 
Equation ( A.21) shows that in the y-direction, 
= 	. 	
(5.4.2) 
Using the first of the constant acceleration equations, 
Y = u 	+ I at2 	 k.... (5.4.3) 
If the electron is considered to be identical to the one dealt with in Appendix A, 
with an x-component of velocity corresponding to its possessing 10eV of 
intrinsic energy, and a negligible y-component, equations (5.4. 2) and (5.4. 3) 
give 
Y 	.=. E . t2 	 ..... (5.4.4) 
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Eliminating t between equations (5.4:1) and (5.4. 4) gives 
E 	2 
Y = 	
. x ,TV (5.4.5) 
where it is to be remembered that E is the electric field strength in the 
y-direction and V defines the intrinsic energy of the electron. 
It has therefore been shown that the time trajectory of an electron between 
2 parallel plates with field E between them is a parabola, the lateral (x-direction) 
distance travelled by the electron being determined by the strength of E and 
the initial lateral velocity of the electron as it leaves the negative plate. 
For comparison purposes, an imaginary mesh has been superimposed on 
the parallel plate system as shown in Figure 5.4. 5. Since there must always 
be some degree of inaccuracy in the representation of a potential distribution 
by a mesh of this type, the equipotentials adjacent to the plates have been 
rounded up to one significant figure, so that the plane which is truly at 750V 
is rounded up to 800V, and that which is at 250V is rounded up to 300V. 
The electron trajectory is plotted simply by using the first two constant 
acceleration equations 
S = Ut + 1 at 
	
(5.4.6) 
V = ii + at 
	
(5.4.7) 
By using these equations in both x- and y-directions and by choosing a 
suitable incremental value for time t, the distance travelled during the time 
increment may be evaluated, as may the velocity of the electron in both 
directions at the end of the increment. This latter velocity is then used as the 
initial velocity for the next time increment. 
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Using this technique, the electron trajectory shown in Figure 5.4.5 was 
plotted. It can be seen that the trajectory is a good approximation to 
a parabola, and that the total distance moved by the electron in the x-
direction is 0.19mm. Evaluation ot equation (5.4.5) gIves an equivalent 
analytical solution of 0.2 mm. 	 A figure of 5% error as 
produced here may be somewhat optimistic for the iterative type solution, 
since this was a simulated-type potential distribution. 	Nevertheless, it 
was decided that this evidence was sufficiently convincing for a reasonable 
amount of confidence to be placed in this technique for solution of the 
potential distribution and electron trajectory, and on this basis the same 
technique as described above was used to plot the trajectories shown in 
Figure 5.4.3. 
Various trajectories were plotted, each corresponding to a different value 
for the potential of the central electrode of the analyser. The essential 
message to be taken from these plots is that if the central plate is negative 
with respect to its two neighbours, then the electron is reflected back down-
wards. 	If, on the other hand, the potential of the central element is equal 
to or greater than the potentials of the other two elements then the electron 
is transmitted through the system and is available for collection above the 
analysis plates. This is good, and indicates that the system is indeed either 
a lens or a mirror depending on the potential of the central electrode. 
5.4.2 A Source of Trouble 
It is now worth digressing from the main theme of the argument in order 
to consider the fate of those electrons which do not penetrate into the 
region above the analyser. It they do not penetrate, clearly they will not 
contribute to the collected signal, but they may still be of interest, in that 
the analyser plates are separated from each other by insulating rings of PTFE. 
It is an unfortunate characteristic of this material as an insulator that any 
electric charge which is deflected on to its surface (eg, one of the unwanted 
reflected electrons) will remain as a static charge at the place at which it 
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impacts the surface. Another possible source of such unwanted charge is 
that of 'tertiary' emission from either the brass 'nose-piece' supporting the 
attracting grid, or from the plates of the analyser themselves (see Figure 5.4.6). 
Since electron beams invariably contain certain numbers of electrons which 
due to collisions and scattering taking place amongst the electrons of the beam 
do not follow the trajectory. of the main beam (hence the need to introduce 
apertures into electron collimating systems, so as to intercept any such stray 
electrons), it is inevitable that some of the electrons which are attracted away 
from the specimen surface will not follow the plotted trajectories, and these 
may themselves strike the PTFE insulator, or may generate yet more secondaries 
when they strike one of the plates, and these electrons may strike and adhere 
to the PTFE. 
In summary, then, it is possible that electrons may, by various means, come 
to be deposited upon the surface of the PTFE insulating rings, and clearly 
any such electrons will set up some sort of static field distribution, which will 
contribute to the overall distribution, within the system, and which will 
disturb the pattern which has been calculated. To estimate the strength of 
this field, and the extent to which it might penetrate into the area of real 
interest would indeed be an imposing task since, by definition, this is an unfortunate 
by-product of the unpredictable behaviour of stray electrons. 
This argument reflects back to the previous section dealing with the method 
of calculating the electric field distribution in the system. The fact that there 
is some quite clearly defined source of distortion of the field which cannot 
readily be quantified may be taken to indicate that it is not worth going to the 
trouble and expense of obtaining a very accurate simulation of the potential 
distribution with the use of a computer and a very fine grid of points for the 
iterative approximation. 
Another factor which should be taken into account in this context is the 
purpose of the calculation. As with most exercises in engineering, the acid 
test of the system is whether or not it works, and the purpose of performing the 
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FIGURE 5..6. 
as being that of demonstrating that there was some hard and fast substance 
to the qualitative argument developed at the beginning of this chapter, or, 
had the calculation so indicated, that the argument was without substance, 
and that some alternative means of performing the energy analysis would have 
to be devised. 
The results of the calculations which were performed clearly indicated 
that within the accuracy of the solutions, the system did indeed work in the 
way which had been indicated previously in the qualitative argument, and, since 
no part of the system was going to be either difficult or expensive to fabricate, 
it was decided, that these calculations provided a suitable basis for proceeding 
with the construction of the system and an experimental assessment of its 
performance. 
5.5 THE PRACTICAL SYSTEM 
5.5.1 The Construction 
Figure 5.5.1 shows the system which was constructed, tested and finally 
decreed to be fit for use for the intended purpose. As previously stated, the 
insulating parts of the structure were made from PTFE, and brass was chosen 
as the material from which the electrodes were to be fabricated as it was 
readily available and easy to machine. The structure was as already shown in 
Figure 5.4.2, with the various electrodes consisting simply of brass rings as 
already described. The machining involved in the construction was simply a 
few hours of work on a conventional lathe, so it was felt that the system had 
fulfilled one at least of the criteria by which it was originally defined, namely 
that it should be structurally simple. The various elements of the system were 
a simple push fit into the outer cylinder, which itself was used only as the most 
straightforward way of rigidly suspending the structure as an integral whole, and 
of locating the individual elements firmly with respect to each other. In the 
initial specification of the electrode dimensions, it was decided that since the 
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calculations which had been performed could not be taken to be a full and 
final guarantee of the viability of the system it would be useful if the brass 
rings which were to be used as the electrodes of the analyser system were to 
be available with several different sizes of central aperture. It would then be 
possible, if the system did not at first operate successfully, to change the sizes 
of one or all of the apertures without difficulty or delay, and to re-assess the 
performance of the system in the light of the new dimensions. 
5.5.2 The Performance of the System 
Since the system was constructed for the purpose of measuring potentials 
on microcircuit conductor tracks, it might at first glance seem that it should 
have been regarded as a success if it succeeded in achieving that aim, and as a 
failure if it did not succeed. 	This, however, is a gross oversimplification. 
While clearly the absolute requirement that the system should fulfil its function 
had to be met, various other factors were of interest, and could be considered 
as measures of the quality of the system. 
The first of these factors, which has not been emphasised hereto i that 
apart from measuring the potential of a particular selected point, the system 
should also operate as a collector of electrons for the purpose of picture 
generation. The structure shown in Figure 5.4.2 was suspended above the 
surface of the microcircuit under test by attaching it to a hinged plate, which 
allowed it to be folded out of the way for the purpose of conveniently changing 
specimens (see Figure 5.5.1). Unfortunately, it was not possible to accommodate 
within the specimen chamber of the SEM both the conventional electron 
collection system and the supporting bracket for the analyser, so the 
conventional collector system was dispensed with. Clearly, however, it was 
necessary that an image should be obtained, so that the specimen could be 
examined and the point of interest chosen. As the system was specifically 
constructed to have the ability of collecting electrons over a substantial area of 
the specimen (it will be recalled that one of the initial requirements of the system 
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was that it should have the capability of measuring potentials over a 
substantial area of the specimen surface without moving the specimen, 
which clearly implies that electron collection from this area of the 
specimen must be possible), it was clearly not unreasonable to expect that 
electrons would be collected from the complete area of a scanned raster. 
A question which remained to be answered, and which could only be 
answered by experiment, was that of the degree of defocussing of the 
primary electron beam of the SEM which might be produced by the lens 
effect of the analyser system, through which the beam would have to pass 
in order to reach the specimen. Figure 5.5.2 is a micrograph of a micro-
circuit taken using the analyser collection system. it can be seen that 
the resolution is not as good as that of Figure 3.3.1, but that conductor tracks, 
and even the granularity of their surfaces, are clearly discernible, so it is 
beyond doubt that the generated image is of sufficiently good quality for the 
purpose in hand, since there is no question of this system being used for high-
resolution observation of fine detail features on microcircuits. It is perhaps 
interesting to note that the black area at the right hand side of Figure 5.5.2 
is due to the interception of the primary beam by the wires of the mesh which 
attracts the secondary electrons away from the specimen surface. This gives 
some idea of the extent to which the presence of the grid obscures the visual 
image. Clearly its effect is not negligible, but neither can it be said to be 
catastrophic. It is therefore reasonable to conclude that the visual image 
generated by the system is adequate for the purpose of identifying areas of 
interest on specimens (indeed it was used for that very purpose during the 
testing of the system). 
Since one at least of the criteria defining successful operation of the system 
ilas been satisfied, it is now possible to direct attention to the major matter, 
ie, the degree of success which can be achieved in measuring potentials. Broadly 
speaking, this criterion can be subdivided into two parts. The first of these 
concerns the accuracy to - which a potential may be measured, and the second 
is devoted to the assessment of the acceptability of the level of current in the 
primary electron beam which must be used in order to obtain good voltage 
resolution. 
MICRO(RAPH TAKEN USING NEW ENERGY 
ANALYSIS SYSTEM AS COLLECTOR 
FIGURE 5.5,2 
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Unfortunately the bulk of the time occupied by this work was spent 
investigating various forms of energy analyser, all of which looked in the 
initial stages to have promising characteristics, but all of which except the 
last one came to grief at some stage of the investigation into their 
suitability. The time taken for these investigations was such as to allow 
only a short space of time for the investigation of the system which was 
finally successful and which is reported here. The most unfortunate 
consequence of this fact is that when the final system was constructed, 
it was not possible due to lack of time to construct an electronic system 
which would take the signal derived from the analyser and process this 
signal electronically so as to achieve the most accurate possible estimate 
of the accuracy of the measurement which is made, as stated in a previous 
chapter, by measuring the amount of the displacement of the secondary 
electron energy spectrum along the energy axis. The fact that voltage 
measurement was possible at all was therefore only confirmed by displaying 
the energy spectrum on the face of an oscilloscope, and the only estimate 
of accuracy which can be made relates to the smallest amount of shift of 
the spectrum which could be detected as the spectrum was observed to move 
with changing emission point potential. 	Based on this criterion, it was 
observed that changes of emission point potential of 0.5 volts could be 
detected, and that the shift of the spectrum was linear with change of 
potential over a range of specimen potentials from -30 volts to +30 volts. 
No experiments were conducted outwith this range. The next chapter, 
concerned with future work which might be done on this system, will give 
details of an electronic system which was provisionally drawn up, and which 
might have the capability of measuring the shift electronically. It may 
reasonably be envisaged that the measurement of the shift by electronic 
means would have the effect of increasing the accuracy of the measurement 
by a factor of ten over the very crude system of estimating the shift by eye, 
so it can be contended that the system has the potential to measure voltage 
to an accuracy approaching 0.05 volts. For most purposes in microcircuit 
inspection this accuracy would be quite acceptable, since it clearly allows the 
possibility of estimating to an acceptable degree of accuracy the forward bias 
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base-emitter voltage of a silicon bipolar transistor (about 0.6 volts). 
This is probably the smallest commonly occurring voltage which is of 
direct interest in this sphere of investigation. 
For the increasingly prevelant digital microcircuits, it is generally only 
necessary to be able to discriminate between the logical '0' and logical 
'I' levels, which are most commonly 0 volts and +5 volts respectively. 
However, in high speed systems employing emitter-coupled logic (ECL) 
the swing between '0' and 'I' may be less than I volt , and it is envisaged 
that certain modern VLSI circuits may depart from the +5 volt norm in 
the search for greater frequency response without increased power 
dissipation. 	In view of these trends, it is likely that in the next few 
years both analogue and digital systems will have the requirement for high-
accuracy voltage measurement for testing purposes, so it can be seen that 
accuracy of the sort which can be provided by this system is likely to be 
well worthwhile. 
The second criterion for acceptability of the system, ie, the magnitude of 
the primary beam current which must be employed in order to achieve 
acceptable accuracy of measurement is one which has several ramifications. 
Previous chapters have explained that a high primary beam current results 
both in degraded resolution on the visual image, which in this case is not a 
problem owing to the non-stringent resolution requirement in this type of 
work, and to an increase in the numbers of electrons available for collection 
and signal processing. Hence an increase in signal-to-noise ratio may be 
expected as a result of an increase in primary beam current. However, it 
has also been pointed out that a high primary beam current results in increased 
potential for specimen damage, both due to the possibility of localised heating 
at the point of contact of the beam, and to the possibility of electrons 
penetrating into the bulk of the specimen and damaging oxide layers, thereby 
causing breakdown of the structure and failure of the device due purely to the 
measuring technique. Clearly, then, there is a trade off between that level 
of beam current which is desirable for a good signal-to-noise ratio, and that a 
much smaller level of current which is desirable if the testing is to be guaranteed 
non-destructive. 
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On the basis of the above considerations, it was decided that the question 
of the magnitude of the beam current employed was one which was deserving 
of some attention. Experiments were carried out on the completed system 
with a view to determining the minimum value of primary beam current which 
could reasonably be used while maintaining a useful signal-to-noise ratio. 
Figure 5.5.3 shows the current collected by the top plate of the system as a 
function of the potential of the central plate.of the analyser. It may be seen 
that the bottom trace of the oscillogram is a well defined representation of 
the integrated electron energy spectrum shown schematically in a previous 
chapter. Having decided that this trace was of the minimum acceptable 
amplitude and signal-to-noise ratio, and therefore represented the situation 
with minimum useful beam current, the analysis and collection system and the 
semiconductor specimen were removed from the specimen chamber of the SEM. 
The currents of the first two condenser lenses in the electron optical column 
(ie, those which control the magnitude of the beam current) were maintained 
at the original values, and a Faraday cup was inserted in such a position as to 
collect the current of the beam (see Figure 5.5.4). This cup was connected 
to the input of the same high-gain electronic amplifier as had been used to 
amplify the current collected on the collector plate of the analysis system, and 
the amplifier was set to a precisely determined value of gain. 
The current collected in the Faraday cup was measured as being 
2.2 x 	amp, which compares favourably with the current used by Hannah 
for the same purpose, but is somewhat larger than the values in the region of 
10-10 amp quoted by Gopinath and Feuerbaum. 
It was noticed at this point that there was a considerable discrepancy 
between the value for the current measured by. the Faraday cup and that 
previously collected on the lop plate of the analysis system, which can be 
seen from Figure 5.5.3 to beat its peak approximately 4 x 10-12  amp. 
Clearly, there were two possible implications to be read into this fact. 
The first was that the secondary emission coefficient of the sample might be 
extremely low, so that very few secondary electrons were generated from the 
sample. However, since the primary bearn was being accelerated by only 
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10kV, thus bringing it into the region where substantial numbers of secondaries 
are generated, it seemed unlikely that the low level of collection was due to a 
lack of secondaries being generated at the specimen surface. The alternative, 
then, was that the secondaries were being generated, but that they were not 
reaching the collector. Clearly, this was disturbing since the system was 
specifically designed to transport secondary electrons from the surface of the 
specimen to the collector plate. 	It was therefore decided that this matter 
should be investigated further. 
A system of 'electron accounting' was adopted, in the hope that the fate of 
the lost secondaries might be discovered. For this purpose, the microcircuit 
specimen and energy analysis system were re-introduced to the specimen chamber, 
and the electrical connexions to the system were once again made. 	Now, 
however, each element in turn of the analyser system was connected to the 
input of a high-gain amplifier (see Figure 5.5.5) 	It had been surmised that 
since the current leaving the specimen did not seem to be reaching the collector 
plate, it was possible that a substantial part of the secondary electron signal 
was being collected on one or more of the intermediate electrodes, ie, one of those 
between the specimen and the collector plate. By connecting each in turn of 
these electrodes to a high-gain amplifier, it was hoped that the current intercepted 
by each of the electrodes could be measured. If one of these did collect a 
current which was of the same order of magnitude as the current in the primary 
beam of the microscope, the fate of the lost secondaries would clearly have been 
determined. 
The input of the amplifier was connected to each of the three annular 
elements of the analysing lens/mirror system and the output of the amplifier 
was measured firstly with the electron beam of the SEM switched on, and then 
with the beam switched off. It was discovered that there was no difference in 
the output voltage of the amplifier irrespective of whether the beam was on or 
off, so it was concluded that the missing electrons were not being intercepted 
on any of these electrodes. However, when the amplifier was connected to the 
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that a total current of 3.8x 110  amp was collected by this electrode. 
This reading was obtained with the grid and supporting 'nose-piece' 
at a positive voltage of +25 volts. With this same part of the structure 
biased to -25 volts it was discovered that the current collected was 
1.8 x 10- 10 amp. This difference was attributed to the fact that with the 
grid biased positively, all electrons were collected from the specimen. 
However, with the grid biased negatively, the retarding field between the 
grid and the specimen was such as to prevent secondary electrons reaching 
the grid, so that only backscattered primary electrons were collected. 
These, then, are represented by the smaller of the two figures above, while 
the larger of the two represents the combination of secondaries and back-
scattered primaries. It may be seen, then, that the secondaries are 
represented by the difference between these two signals. The magnitude of 
the secondary electron signal is therefore 2 x 10-10  amp. This figure is still 
less than that previously measured as being the primary beam current by almost 
exactly a factor of 100, but since it is only in the region of a few hundred electron 
volts of primary beam energy that the secondary emission coefficient (the ratio 
of numbers of secondary electrons emitted to the numbers of primaries generating 
them) approaches or exceeds unity, and since any increase in primary beam energy 
leads to a progressive drop in the secondary emission coefficient, this factor is 
not entirely unexpected. At any rate, it is a substantial improvement on the 
factor of 10,000 between the current collected on the top plate of the analysis ; 
system and the primary beam current, and may be taken to confirm the hypothesis 
that reasonable numbers of secondary electrons are emitted from the specimen, 
but that they are intercepted by one of the intermediate electrodes, specifically 
the brass 'nose-piece' supporting the attracting mesh, before they reach the 
collector plate. 
On reflection, this result is not surprising. The trajectory plots which were 
done for electrons entering the region of the analysis plates assumed that the 
electrons were travelling only in the vertical direction when they entered the 
analysing field. However, it was pointed out in Section 5.4.2 that as a result 
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of the distribution of directions of velocities of secondary electrons emitted 
from a point, the electrons from a particular point would not travel in a 
straight vertical line between the specimen surface and the attracting grid, 
but those electrons which initially had a lateral component of velocity 
would follow a parabolic trajectory which would cause them to meet the 
grid at a point above and somewhat (less than 0.2 mm) to the side of the 
emission point. Since there is no provision at any point in the system for 
the negation of this transverse velocity, electrons will clearly retain this 
lateral component of velocity as they progress up through the inner cylinder 
of the 'nose-piece', and it is inevitable that a considerable number of them 
will strike the wall of this rather undesirably long tube (see Figure 5.5.6). 
It was indeed for the purpose of preventing some proportion of least of the 
electrons from doing so that the top of the tube was machined out into a 
'V' section. 
The above raises two questions. 	Firstly, does this loss of such a large 
proportion of the secondary electron signal constitute a fatal flaw: in the system? 
And secondly, can anything be done to increase the proportion of secondary 
electrons which reach the true collector? Fortunately, both of these 
questions are easily answered. 	On the first point, the loss of signal clearly 
does not constitute a fatal flaw, because it has been shown that it is possible 
to measure potentials by displaying the signal which is in fact collected. 
However, if it is accepted that the absolute value of the presently collected 
signal is adequate, it is clear that an increase in the collection efficiency of the 
system would allow the reduction of the primary beam current by a factor 
of up to 100, thereby reducing the danger of specimen damage. Alternatively, 
the beam current could be left at the same value, with an increase in signal-
to-noise ratio of something approaching lOOx being achieved. The second point, 
concerning possible improvements to the system which might alleviate this 
problem, will be dealt with in the next chapter, which will tackle the question of 
the future work which could usefully be done to improve the system in general. 
It is believed, however, that the foregoing account provides adequate evidence 
to the effect that the electron optical system which was developed - and- built was 
, 
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capable of making the measurements which were required, and that a 
reasonable account of the mode of operation has been provided. 
5.5.3 An interesting Aside 
Before going on to describe briefly the signal processing equipment which 
was used to obtain the results mentioned above, it is necessary to digress from 
the main theme of the argument in order to explain the final modification which 
was made to the electron optical system. During the initial testing, the system 
was constructed exactly along the lines illustrated in Figure 5.4.2. It was 
discovered, however, that the performance then did not correspond with the 
requirements. Specimen potentials of greater than five volts magnitude, 
either positive or negative, could be measured without trouble, since 
oscillograms of the type shown in Figure 5.5.3 could be obtained. 
Unfortunately, however, oscillograms of this type could not be obtained for 
potentials in the region -5 volts to +5 volts. The obstacle to obtaining 
satisfactory scondary electron energy spectra lay in the fact that the spectrum 
for electron energies in this potential range was confused by another curve, 
which seemed to be characteristic of the system. Figure 5.5.7 shows this 
additional unwanted curve, and also demonstrates the effect which was 
obtained when the desired spectrum was superimposed upon this curve. It 
was also noticed that this curve was permanently present, but was only 
perceived when the analyser was set to measure potentials near to 0 volts 
(ie, the curve could still be observed if the specimen was raised to, say, +30 
volts, with the analyser set to measure in the region around zero volts). 
This again seemed to confirm that this unwanted waveform was a characteristic 
of the analyser, rather than an unpredicted characteristic of the specimen. 
Some experiments were carried out, based on the premise that the 
analyser seemed to be reacting to secondary electrons which were generated 
at some point which was at zero volts (hence the permanent presence of this 
curve) but which was not on the specimen. Since no point in the analyser 
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system was permanently at zero volts potential, it was decided to look 
elsewhere for the source of these spurious secondary electrons. The 
suggestion was put forward that the might be coming, not upwards from the 
specimen or from part of the analyser system, but downwards, from the 
final aperture of the electron optical column. Clearly, substantial numbers 
of electrons in the primary beam must strike this aperture, and it is indeed 
inevitable that some of these will generate secondary electrons from its 
surface, some of which will have a velocity which is directed downwards 
into the specimen chamber. In the case of the particular apparatus in use 
here, it was postulated that these downward travelling electrons were either 
collected or not collected by the top plate of the analysis system, according 
to whether or not they were reflected from their downward path by the 
potential of the central plate of the lens-cum-mirror system. Hence the 
system was performing for secondary electrons coming from a spurious 
source above the analysing electron optics exactly the same function as it 
was intentionally performing for the secondaries which were deliberatively 
brought into its sphere of influence from the specimen surface. 
It was decided that this hypothesis could best be checked by introducing 
a negatively biased plate, to be positioned above the existing collector plate, 
and below the final aperture of the column. This would have no significant 
effect on the analysis of the secondaries from the specimen, which would not 
penetrate up into this area, but would create a retarding field between the 
final aperture and the new plate. With a negative bias of 30 volts on the new 
plate, this field would be of a sufficient magnitude to prevent all significant 
numbers of secondaries from the final aperture from penetrating down into 
the analysing region, thereby doing away with their influence. This 
experiment was successful, so that there was considerable evidence to indicate 
that the original hypothesis about the source of the spurious signal had been 
correct and, in addition, a way had been found of disposing of it. 
This observation has been treated in some detail and at some length because 
it has implications for scanning electron microscopy in geieral. it is clear that 
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secondary electrons must in all scanning electron microscopes be generated from 
the final column aperture, and indeed from the other apertures in the column, 
and probably also from its internal walls. Substantial numbers of these must 
inevitably penetrate down into the specimen chamber and, in the simplest case, 
are likely to be attracted towards the conventional Thornley-Everhart collector 
system, in which case they will contribute some substantial amount to the signal-
to-noise ratio of the system. Furthermore, the contribution will be to the 
noise, and not to the signal. It therefore seems likely that the elimination of 
these secondaries by some means such as that which was employed here might 
considerably enhance the signal-to-noise ratio of SEM's as they work in the 
standard mode of picture generation with the conventional collector system. 
It would also seem that the signal-to-noise ratio, and perhaps other factoisof 
performance, of other systems aimed at voltage measurements or other signal 
processing in the specimen chamber might be appreciably improved by the 
ol imination of this entirely spurious component of signal. 	Further, it is 
strange that no mention of this source of noise has come to the attention of the 
author in the literature, since this is a very straightforward source of noise, and 
one which requires little imagination to be understood and appreciated. Since 
a considerable amount of work has been done in trying to improve the signal-
to-noise ratio of SEM's it is indeed strange that the effects of a really rather 
obvious source of noise do not seem to have received much attention. 
5.5.4 The Signal Processing 
A certain amount of purpose built electronic circuitry had to be used to 
obtain the results given in previous sections. None of this was in any sense 
revolutionary, so it is clearly inappropriate that it should be treated here as 
though it made a large contribution to the original work of the project. 
Nevertheless, it does seem, 	from the point of view of explaining more 
fully certain aspects of the operation of the system that mention should be made 
of certain aspects of the circuits which were used and of the way in which they 
were used. 
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The very small signals, sometimes of the order of no more than a few pico-
amps, which had to be detected and amplified into a recognisable voltage 
waveform with an amplitude of something approaching four volts (the 
required amplitude of input for the video amplifier of the Cambridge 
Instruments S2 machine, assuming that a reasonable degree of contrast was 
required on the viewing CRT) were handled by a specially constructed 
electrometer amplifier with a maximum gain of 5 x loll  volt amp. The gain 
was derived from the use of a very high impedance input stage, using 
differentially connected junction field effect transistors with matched 
characteristics, with a feedback resistance of lOOM2. The ability to vary 
the gain was provided by allowing for varying proportions of the output signal 
to be fed back to the input via a potentiometer. The first stage of this two- 
stage amplifier had the capability of having its power supplies offset from ground 
by something up to 50 volts, and it was by this means that the collector plate 
of the special electron optical system was both biased positively, and connected 
to the input of the amplifier. The circuit diagram of this amplifier is shown 
in Figure 5.5.8. 	Other conventional voltage amplifiers were used, with 
operational amplifier active components and conventional gains in the region 
of 50 to 100, these being involved in the supply of the 'sweep' voltage to the 
central element of the three-plate energy analysis system and in the 
supplying of further gain to the video channel. It was at this point that the 
trouble which had bedevilled the work of Chapter 4 came to light. The 
amplification system which was used here was the same as that which had been 
used during the earlier stages of this work, with the difference that the high-
gain amplifier had previously been connected to the subsequent stages by a 
capacitive coupler, which provided the d.c. barrier between the elements when 
the first stage was floated up to some 250 volts. 	In these latter stages, 
especially biased transistors were used to provide a continuous d.c. signal path 
between the amplification stages, while allowing the first stage to be floated 
upwards to about +50 volts. It was found that the inabilit3 °detect signals 
from a 'spot' on the surface was due simply to the previous lack of a continuous 
d.c. signal path. 	With the elimination of this problem, the signal from a 
'spot' could be monitored without difficulty. 
HIGH - GAIN ELECTROMETER AMPLIFIER, 
FIGURE 5.58. 
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The remaining elements of the control circuitry were simply well regulated 
and stabilised power supplies, which provided the working voltages for those 
various electrodes in the system which remained at constant potential during 
operation. 
The overall operation of the system can now be summarised as follows, with 
reference to Figure 5.5.9 which shows schematically the complete working 
system as it was finally realised; 
It was clear that the output from the amplifier which was attached to the 
collector plate of the system would have to be monitored, if it was to be 
ascertained whether or not the analyser was working properly, and producing 
as an output the required integral form of the secondary electron energy 
spectrum. It was decided, since the ability to produce this spectrum was the 
basis of the analyser, that initial tests would be done using a 'sweep' waveform 
on the central plate of the three element analyser system. This was in line with 
the system developed by Hannah, which also used the 'sweep' concept, but 
at odds with the system of Gopinath, which used for measurement purposes a 
compensating feedback loop, as previously mentioned. Nevertheless, Gopinath 
has also pointed out that the basis of his system is the ability to detect the energy 
spectrum of the electrons, and bases the concept of his feedback loop on the 
premise that the spectrum is detected, and moves linearly along the energy axis 
with changing emission point potential. It was therefore decided that in the 
case of this present work it would first be established that the system had the 
capability of detecting the energy spectrum, and, once that was established, another 
decision would be taken as to whether to retain the 'sweep' concept or to adopt 
a feedback type measurement system. 
The use of a 'sweep' system clearly implied that the output of the collector 
amplifier should be monitored in synchronism with the sweep voltage, and to 
this end it was decided to derive the sweep from the timebase output of the 
oscilloscope which was used to monitor the amplifier output. On examination 
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of the sweep output from the oscilloscope it was discovered that the waveform 
was of 10 volts amplitude, varying from earth potential to +10 volts. This 
seemed to restrict the range of sweep which might be applied to the analyser to 
an unacceptable degree, so an amplifier was constructed which had the 
capability of having both its gain and the d.c. level of its output varied. 
Provision was also made for the absolute relationship between its power 
supplies and earth to be altered by a d.c. offset bias supply, so that the maximum 
possible latitude was obtained on the amplitude and absolute potential of the 
sweep waveform. The sweep waveform from the oscilloscope was therefore 
fed to the input of this amplifier, which produced a linear sweep of amplitude 
up to 30 volts, and of an absolute potential controlled by the d.c. offset supply. 
Hence the output of the amplifier, which was fed directly to the central element 
of the three- plate analyser system, might vary from -30 volts to ground, or from 
ground to +30 volts, etc (see Figure 5.5.9). It seemed from the theoretical 
investigations of the system which had been made previously that the integrated 
energy spectrum would be detected if the sweep voltage was at its lowest point 
more negative than the potential of the emission point under consideration, and 
at its highest point more positive than the emission point. Hence this range 
of sweep potentials may be seen to give a theoretical range of measurement of 
something like -25 volts to +25 volts of specimen potential. This was deemed 
to be adequate, since most modern microcircuits have power supply and signal 
levels which - are well within these limits. 
The potential of the grid which was to attract the secondary electrons away 
from the specimen surface, and of the collector plate and top plate (ie, the one 
mentioned in the previous section, which was to repel unwanted secondary 
electrons from above) were defined by proprietary power supplies, as these 
potentials all remained constant throughout the measurement process. 	- - 
Figure 5.5.3 has already shown the output of the collector amplifier as a 
function of the sweep voltage, and this shows that the system does indeed start 
as an electron mirror and end as a transmitting lens as the sweep voltage rises 
through its range. 
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Having established that the system was capable of detecting the integrated 
energy spectrum of tile secondary electrons, it was now necessary to decide 
by what means the potential measurement would be made. At this stage, 
it became apparent that time would not permit the construction of an 
automatic means of performing the potential measurement, so it was decided 
that the means which had been evolved during the initial tests would be 
retained during the remainder of the project. This was a 'cross' between a 
sweep system and a feedback system. The sweep was retained, and its 
range was set so as to start below ground and finish above ground. Hence a 
typical sweep range at the start of the process would be from -15 volts to +15 volts. 
This allowed the observation of a clearly defined secondary electron energy 
spectrum for the grounded emission point. A potential was then applied to 
the emission point, this potential being something up to +12 volts in the case 
of the majority of present day microcircuits. In accordance with the principles 
upon which this measurement system is based, this application of a potential 
caused the integrated energy spectrum to be shifted sideways along the 
horizontal axis. The range of the sweep was then adjusted so as to bring 
the spectrum back to its original position, so that in the case of an applied 
potential of +12 volts, the entire sweep would be made more positive (see 
Figures 5.5. 10 and 5.5.11). This was accomplished by biasing the power 
SUPPlY to the sweep amplifier, and the potential was estimated by measuring 
the amount of the bias which was required to return the sweep to its original 
position on the display. Hence it was expected and indeed experimentally 
confirmed that in the case of a positive bias of 12 volts on the emission point, 
the spectrumcould be returned to its original position on the display by re-
biasing the sweep to a stage at which it ranged from -3 volts to +27 volts. 
All oscillograms were obtained from microcircuit specimens ranging in 
potential from -30 to +30 volts and the linearity was confirmed over this 
range. The technique of re-biasing the sweep amplifier so as to change its 
range and return the spectrum to its original position was adopted because it 
was discovered to be easier in practice to return the spectrum and measure the 
bias potential which was needed to accomplish this, than to simply allow the 
spectrum to be displaced and to try to allocate a linear scale to the horizontal 
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axis which might be used to measure the extent of the displacement. Hence 
it. may be seen that the system employed that might be considered to be a 
manually controlled feedback, in that the re-biasing of the sweep amplifier was 
done by manually controlling the output of the bias power supply. The next 
chapter, dealing with possible future developments, will also indicate that this 
measurement technique found sufficient favour during the testing process for 
its retention and automation to be recommended. 
One reason for this last remark is worthy of further attention here. It was 
found as the testing process progressed that changes in the amplitude or in the 
d.c. level of the sweep might be encountered (see Figures 5.5. 10 and 5.5.11). 
These could be traced in some cases to the build-up of contamination of the 
specimen, and in some others seemed to be a necessary by-product of the re-
biasing of the electron optics. In the case of the contamination problem, this 
could generally be overcome by the application of some patience on the part of 
the operator, since it was discovered that contamination seemed to take something 
up to a minute to build up to some level at which it seemed to remain for some 
ten to fifteen minutes. This was deduced from the fact that when a fresh 
point was selected for investigation, a large amplitude signal was invariably 
obtained, but that the amplitude of this signal decayed quite rapidly for 
approximately a minute, after which it remained constant for several minutes. 
The several minutes of constant amplitude seemed to allow more than adequate 
time for accurate potential measurement. When something like fifteen:minutes 
of examination had elapsed, the amplitude of the signal was seen to decay. 
substantially. The explanation for this would seem to be that contamination 
builds up continuously, but after an initial uniform coating of contamination 
has been established over the area of interest, the secondary emission coefficient 
varies only imperceptibly with increasing contamination thickness, until a 
point is reached at which the contamination becomes so thick that the secondary 
electrons liberated from their atomic orbits on the actual specimen surface have 
insufficient energy both to travel through this. extra layer to the now: more 
distinct ultimate surface and then to cross the surface potential barrier. 
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The change in amplitude or in d.c. bias of the signal as a result of the necessary 
changes in the biasing of the electron optics may be accounted for simply by the 
fact that the imposition of some extra degree of acceleration or deceleration on 
the total secondary electron signal may indeed by expected to produce some degree 
of change in the total numbers of electrons reaching the collector plate. 
Both of the above phenomena indicate that it is desirable for a means to be 
found of quantifying the amount of shift of the secondary electron energy spectrum 
which is not dependent upon the amplitude or d.c. level of the spectrum. Hence 
it may be seen that it would be hazardous to make the potential measurement 
purely by detecting the current collected at a particular specimen bias and 
analyser bias', and then measuring the amount of change in analyser bias which 
had to be imposed in order to return the collected current to its original value 
once the emission point potential had been changed. This would be equivalent 
to detecting-one point on the spectrum, rather than the spectrum as a whole, and 
would lead to inaccuracy in the measurement if the amplitude of the spectrum 
were to change. It will be shown in the next chapter that a more foolproof way 
of making the measurement is to plot out the complete spectrum on the occasion 
of each measurement, and then to define a point which is perhaps half way 
between the highest and lowest values of collected current and, when the spectrum 
is returned to its original position by the re-biasing of the analyser, to return 
that point, which is then defined in terms of the amplitude of the complete 
detected spectrum, to its original position. 	The only possible error then arises 
out of the possibility that the shape of the spectrum may change. This, however, 
was not found to take place during the testing of the system, and could in any 
case be allowed for if the shape of the spectrum is continuously monitored. 
5.6 CONCLUSIONS 
It may be concluded from the above that the-system which was developed and 
tested was a viable voltage measurement tool, with the capability of making 
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measurements over an area of the specimen surface of approximately 1mm 
diameter but that certain inadequacies in its performance came to light 
during the testing. Time did not allow the modification of the system to 
try to overcome these inadequacies, but certain ideas were developed which, 
if implemented, might result in some improvement in the performance. 
These will be detailed in the next chapter. 
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CHAPTER 6: FUTURE WORK AND DEVELOPMENTS 
6.1 INTRODUCTION 
This document has so far been concerned with the development of a system which 
would have the capability of making potential measurements on microcircuits, 
and it has been shown that a secondary electron energy analyser was developed 
which had the capability of being the 'heart and lungs' of such a system. 
It is clear, however, that the ultimate aim of a piece of work such as this should 
be to fabricate a system which could be used, on a day-to-day basis, as a failure 
analysis and characterisation tool for microcircuits. 	Further, since information 
of this type is of interest primarily to semiconductor manufacturing and 
designing companies, it is desirable that the system, in its final form, should be 
capable of being operated, as are most. modern scanning electron microscopes, 
by someone whose knowledge of the instrument does not reach into the 
fundamentals of the operating principles. This last point would allow a semi-
conductor engineer, whose interest lay purely in the information which this 
type of system could produce, to operate the system himself, selecting the area 
of interest, making the voltage measurement, and interpreting the result in 
the context of his knowledge of the microcircuit under test. 
It may be seen, therefore, that although the work which was accomplished during 
the term of this project was an essential first step in the development of the 
complete system, the results obtained cannot be accepted as being the.end of the 
road. Hai ng therefore defined in the previous chapter the degree of success 
which was achieved in this work, it is now .pertinent to consider what work remains 
to be done to bring the system up to a "full specification". 
6.2 DEFICIENCIES IN THE EXISTING SYSTEM 
It would seem that the best way to set about defining the action which should 
be taken to improve the system as presently constituted is to define its 
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shortcomings, in the hope of suggesting some means of improving the 
performance with regard to each of these in turn. It is, however, worth 
noting before doing so that the system cannot be wholly characterised by a 
list of deficiencies. The ability to make measurements over an area of the 
specimen surface without the need to mechanically re-position the specimen, 
the ability, albeit under manual control, to take account of variations in the 
secondary emission coefficient of the emission point over a period of time, and 
the ability to make measurements over a range of specimen potentials, either 
positive or negative in polarity, which exceeds the range of potentials found 
on the majority of modern microcircuits, are all solid achievements, which mark 
the work done here as being successful and worthwhile. Nevertheless, the 
lack of an automated means of making the potential measurement must be 
regarded as a significant shortcoming. 	It is also apparent that the loss of signal 
mentioned in the previous chapter as being due to the interception by the 
'nose-piece' supporting the grid of a substantial proportion of the secondary 
electron signal cannot be complacently accepted and ignored. A further matter 
which has not so far been mentioned but which ought not to be forgotten is the 
means of displaying the result of the measurement process. In its simplest 
form, when the signal under inspection is a simple d.c. level, eg, the voltage on 
a power supply track, this measurement system may be considered as a volt-
meter for integrated circuits. 	It might therefore be expected that a digital 
readout of the type to be found on many modern digital voltmeters would be 
suitable. However, although this would clearly be adequate for this particular 
situation, it would be less suitable for the examination of dynamic signals on 
signal tracks, and would be of no use for the purpose of making an overall map of 
the potential. distribution across an area of the surface of the specimen. It 
should also be noted that no mention has been made so far of the means of making 
measurements of dynamic signals. It is not surprising that a means of measuring 
standing levels must be found before dynamic signals can be accommodated, but 
it is nevertheless clear that if a full investigation of a microcircuit under full 
operating conditions is to be made then some means of detecting and analysing 
the signals on the information paths must be devised. 
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6.3 THE PROPOSED IMPROVEMENTS 
It is convenient to treat these matters in the order in which they are listed 
above. The first matter for concern is therefore that of the lack of an 
automated means of making the voltage measurement. 
A brief consideration of the measurement process as it was implemented under 
manual control is sufficient to define the signal processing blocks which are 
necessary if this function is to be automated. It has been stated that the 
basis of the measurement technique which was developed was that a rump 
voltage should be applied to the central of the three plates of the energy 
analyser, so that the ramp started at a lower potential and finished at a 
higher potential than that of the emission point on the specimen. This 
resulted in the system being initially an electron mirror, and finally a focussing 
and transmitting electron lens, with a gradual transition between these two 
states taking place as the ramp voltage became more positive. Hence the. 
integrated form of the secondary electron energy spectrum was obtained 
by collecting the electrons which were transmitted through the system, and 
amplifying this signal into a recognisable voltage waveform. 
The change in potential of any emission point could therefore be detected 
by obtaining a reading at some datum voltage level (generally ground), and 
then measuring, after the emission point potential had been changed, the 
magnitude of the bias which had to be applied to the ramp voltage in order 
to restore the energy spectrum to its original relationship to the ramp. The 
point which must be noted is that the bias applied to the ramp was controlled 
manually, by the adjustment of the control knob of the power supply. 
Also, the restoration of the relationship of the spectrum to the ramp was 
simply judged by eye, the two signals being displayed on a monitor oscilloscope. 
The means of automating this process is quite straightforward, and is 
shown schematically in Figure 6.3.1. The basic 'building blocks' of this 
scheme are the sample and hold circuit and the-comparator circuit, and the 
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philosophy behind it is as follows. The sample and hold circuit of Figure 6.3.1(a) 
is implemented three times over, in such a way as to cause the sampling to be 
done by the first circuit at the beginning of the sweep, by the second circuit 
when the ramp has reached its half-way point, and by the third circuit when 
the sweep has reached its maximum voltage. The selection of the half-way 
point on the sweep for the second sampling process is simply chosen for 
convenience. The sampling process is triggered by a comparator which 
controls the potential V of Figure 6.3.1(a), and the triggering voltage of the 
comparator could be set to any level which seemed to be appropriate in the 
light of the waveform of the collected current (see Figure 6.3.1(b)). 
The three sample and hold circuits would therefore contain information on 
the output signal amplitude at the beginning of the sweep, at the end of the 
sweep, and at a defined point somewhere in the middle of the sweep. The 
amplitude of the waveform at that defined point in the sweep would therefore 
be known, not only in absolute terms, but also as a fraction of the overall 
change in amplitude between the beginning and the end of the sweep. Now, 
if the specimen potential changes, the energy spectrum will move linearly along 
the horizontal axis, so that when another sweep is made under the new 
conditions, the current collected and hence the' size of the output signal will be 
some fraction of the total output signal at the end of the sweep which is different 
from the previously recorded fraction. If the old and new values for the 
collected current are subtracted in a differential amplifier, and the output of 
this amplifier is used as a feedback signal which will re-bias the central plate 
of the analyser system until such time as the original conditions have been 
restored, ie, the signal collected in the middle of the sweep is the same fraction 
of the total change in collected current over the whole sweep as that which was 
obtained in the original sweep, then the magnitude of the feedback signal, 
which can be easily measured by a voltmeter, isa direct measure of the 
specimen potential. Figure 6.3.1 (c) shows the feedback loop in operation. 
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This system is clearly quite simple, and employs no revolutionary ideas of 
circuit design. Nevertheless, as each fresh measurement is accompanied by a 
fresh 'sweep' of the analyser, thereby allowing the current collected to be 
related to the total collected current at the most positive point on the sweep, 
the possibility of the variation of the secondary emission coefficient, resulting 
in a change of absolute collected current from a particular point of interest is 
allowed for. The very simplicity of the system is reckoned to be a point in 
its favour and, although time did not permit the construction and testing of 
this piece of equipment, it is believed that it would significantly enhance the 
overall performance of the analyser system as it was constituted, if only because 
it allows the measurement of the position of the energy spectrum oh the 
horizontal axis to be evaluated electronically (and therefore accurately), rather 
than simply relying on the ability of the operator to estimate the position by 
eye on the display. 
The next matter to which attention might usefully be devoted with a view 
to improving the overall performance of the system is that of the poor signal-to-
noise ratio. it has already been shown that an undesirably large primary beam 
current has to be used, because many of the secondary electrons are intercepted 
by the brass 'nose-piece' supporting the grid which attracts the secondaries away 
from the specimen surface. It is therefore necessary to use a large primary beam 
current in order to ensure that sufficient total numbers of secondaries are 
generated to allow a useable signal to be collected by the collector, plate in spite 
of the loss. 
This summary of the problem gives the clue to two separate pieces of action 
which can be contemplated with a view to improving this situation. Firstly, 
some means could be found to modify the electron optical system so as to 
result in the collection of a greater proportion of the secondary electron 
current, and secondly, some means could be devised of collecting the electrons 
which would be intrinsically better than a simple metal plate. 
The means of accomplishing the first of these tasks would seem to be 
confined to one of two possibilities. 	Firstly, the brass 'nose-piece' which 
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was shown in the previous system diagram (Figure 5.4.2) to be quite long, 
and to protrude down below the general level of the bottom of the electron 
optical structure could be significantly shortened, so that the tube up which 
the electrons have to travel after passing through the attracting grid is of 
absolutely minimum length. Alternatively, some form of lens system 
could be substituted for this tube, the purpose of this lens being to collimate 
the secondary beam so that the electrons coverage towards the electron 
optical axis. Both of these systems have their attractions, but it has been 
decided that the introduction of a lens system is to be preferred, as this 
method should allow for a truly significant increase in collection efficiency 
by focusing electrons away from the walls of the tube. Figure 6.3.2 shows 
the system as it might be realised in the future, with the 'nose-piece' kept to 
a minimum length, and a focussing effect, given by mounting the nose-piece 
at a lower potential than the grid, in a conventional focussing arrangement. 
It was also noted during the testing of the system that there was a very - 
wide tolerance on the potentials of the upper and lower elements of the three-
element energy analyser, ie, the only critical potential was that of the central 
'sweep' electrode. Further reflection also reveals that although, in line with 
the original concept of the system, the energy analyser was realised as a three 
element lens-cum-mirror, the fundamental requirements of the system, ie, that 
it should transmit or reflect electrons according to the relationship of the 
potential of the point emitting the secondaries to the potential of some 
element of an analyser system, it may ultimately not he necessary to 
have SO complex a structure as a 3-element lens in order to realise this 
function. 
An alternative way of viewing the three element is to consider it as consisting 
of an element at a potential which is at some intermediate value, Ic, less than 
that of the grid which accelerates the electrons away from the specimen surface, 
but more than that of the important central element which clearly performs the 
real analysis and, on the far side of the central element, a further electrode whose 
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to ensure that the transmitted electrons proceed from the central element 
with some well defined speed and direction. This means that the first 
element may serve only to slow the electrons down from their high speed 
as they travel through the grid to something nearer to the very slow speed 
at which they will travel through the hole in the analysis plate, and that 
the third element may serve only to provide a well defined, focused 
trajectory for the transmitted electrons. However, it is probable that even 
in the absence of some intermediate 'slowing-down' electrode, the electrons 
would slow down to something very near to zero potential simply as a result 
of the retarding field which would be created between the grid and the swept 
plate. Also, the only significant demand which is made of those electrons 
which are transmitted is that they should be collected by some system 
located above the swept plate. There is no requirement that they should 
follow some neatly defined trajectory. Consequently, it may be seen that 
there is a prima fade case for alleging that the system should work even if 
the upper and lower plates of the three element lens are dispensed with and 
only the central swept plate is retained. Consequently, Figure 6.3.2 shows 
the system with only one plate present as an analysing element. However, 
this is clearly an embrionic argument, which could be brought to fruition 
only by the plotting out of the electric fields and electron trajectories which 
would prevail inside the system. Regrettably, time again has prevented the 
more detailed study of this concept, but it is felt that a brief theoretical 
consideration of this new configuration, using the techniques described in 
Appendix A would be justified in the light of experimental experience and of 
the qualitative argument proposed above. 
This allows the system to be once again reduced in overall length, thereby 
allowing yet more decreasing of the working distance with consequent increase 
of potential resolution of the video image when the system is working in 
straightforward scanned raster form. It will also be noticed in Figure 6.3.2 
that the metal collector plate used throughout the trials of the existing 
system has been retained. 	However, a scintillator collector should be 
substituted. This also follows from the most basic of reasoning, in that the 
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scintillator system previously noted as having been developed by Thornley and 
Everhart is used as the standard collector in proprietary SEM's for the very 
reason that of all the available options for the collection of electrons this 
system provides the best signal-to-noise ratio, and also obviates the need for a 
very high gain amplifier which inevitably has a poor frequency resonse. It 
is therefore conceivable that with a system of this type it might be possible 
to observe the specimen initially at television scan rate, and with a comparatively 
low beam current, due to the increased collection efficiency which would result 
from the minimising of the length of the electron path from the specimen to the 
collector, and to the increased signal-to-noise ratio which would result from the 
adoption of the improved collector system. This would be advantageous, both 
from the mundane standpoint that a television speed image is more congenial to 
• 	look at than a slow scan image, and because the rapid scan speed at television 
rate results in the electron beam spending much shorter periods of time on any 
one point of the specimen, and hence minimises the likelihood of charge build-
up at a point which might damage the structure of the semiconductor specimen. 
It should once again be emphasised that only lack of time prevented the practical 
investigation of these points. Nevertheless, the practical experience which was 
gained with the system as it was constructed and tested suggests that each of 
the above modifications is feasible, and that the system performance would be 
enhanced as indicated above if they were implemented. 
Having now dealt with those matters which could be considered as being 
deficiencies in the system as it was constituted, it is now appropriate to 
turn to other aspects of an overall system for potential measurement which have 
not been covered here. As previously indicated, these are primarily the means 
of observing dynamic signals on the specimen, as opposed to the purely static 
levels which have been considered thus far, and the means of displaying' the 
result of the measurement once it has been made. 
6.4 THE SAMPLING SEM 
It has traditionally been accepted that bipolar integrated circuit technology 
was capable of operating at faster speeds than any MOS technology, and that 
since most computer and similar systems of today rely at least partly on 
standard 5 volt Transistor-Transistor-Logic (TTL) for signal processing, then 
testing systems would be required to cope with no higher frequencies than those 
which were familiar to those operating with standard logic systems, ie, less than 
10MHz. However, present-day work by several semiconductor companies 
indicates that by introducing certain modifications to the MOS fabrication 
process (eg, the scaling of all physical and electrical characteristics, so as to 
reduce sizes of active circuit elements and interconnecting tracks, thereby 
reducing capacitive loadings) it will within the next five years be possible for 
MOS devices to exceed presently prevailing limits on frequency performance. 
This will apply particularly strongly to custom LSI circuits, where one large 
chip will perform the bulk of the signal processing without the need to interact 
with other remotely positioned circuitry. This highly integrated type of 
circuit will therefore not have the requirement to drive large amounts of external 
circuitry, so it will be possible to minimise the size of the output transistors, 
which are clearly identifiable even at present as being the features of the LSI 
circuit which, due to their large physical size and consequently poor speed 
performance set the upper limit on the frequency range with which the circuit 
can cope. 
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All of this clearly has implications for the 	
A 	
integrated circuit tester, 
because it indicates that within the next few years test equipment will have to 
be designed which can measure both static and dynamic signals, of which 
the upper frequency limits on the latter are increasing and will continue to 
increase, probably into the region of several hundreds of megahertz, and beyond. 
Since also features sizes will be diminishing, the use of mechanical probes for 
testing will become even more impossible than it is at present, and it is clear 




Happily, a considerable amount of attention has already been devoted to this 
matter. As loiigàgo as 1968 Plows and Nixon 33  had foreseen possible 
applications of stroboscopic scanning electron microscopy, and from 1976 
onwards, as the full implications of this technique for functional testing 
of microcircuits have come to be appreciated, Wolfgang et a1 34, Balk et a135 , and 
Gopinath and GopinatIi 6 uhave in successive years reported on their various schemes 
for converting the SEM to sampling mode. All, however, have agreed that, 
whatever may be the precise method of implementation of the sampling technique, 
this and no other was the basic approach to be adopted. 
The use of the sampling mode for the investigation of dynamic signals on 
microcircuits was also investigated in a project 37 which ran concurrently with 
this author's work in the University of Edinburgh, and this was naturally of 
great interest. The basic conclusions reached were that if this technique were 
implemented as shown in Figure 6.4.1, it had great promise as a failure analysis 
tool. 
The essence of the technique is that the microcircuit to be tested should be put 
into its full operating mode, with all dynamic signals present, and that the 
electron beam of the SEM should be switched on and off in synchronism with the 
waveform to be investigated. This is generally arranged by having a set of 
'chopping plates' placed on either side of the 	rieam and near the top of the 
electron optical column. Hence, in stroboscopic mode, the signal fed to the 
chopping plates deflects the electron beam so that it does not penetrate down into 
the specimen chamber for the bulk of the time. However, the pulse generator 
and delay shown in Figure 6.4.1 control the potential on the chopping plates, and 
hence the electric field between them, so that at a well defined moment in time, 
and for a given length of time, a pulse is fed to the chopping plates which allows 
the electron beam to penetrate down into the column and to investigate the wave-
form of interest at the same point on each successive cycle. Alternatively, a 
counter circuit may be employed, which ensures the waveform of interest is 
investigated once in every two cycles, or once in every ten cycles, or whatever, 
according to the frequency of the waveform, and according to the.. 	- 
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maximum frequency at which the particular arrangement of electron optics 
and circuitry will allow the chopping to take place. 
• An extension of this technique is that of putting the system into sampling 
mode, where the chopping pulse is moved continuously in time with respect 
to the waveform to be investigated. Hence, rather than sampling at the 
same point on successive cycles of the waveform, the movement of the sampling 
pulse causes the waveform to be sampled at a given number of intervals during 
its period, so that an overall picture of the complete period of the waveform is 
accumulated. This is clearly useful for analogue type devices, where the 
waveform consists not of a succession of pulses, as in a digital system, but of 
a continuously varying signal, the shape of which will be related to the shape 
which ought theoretically to occur at that point in the circuitry, so that the 
performance of the circuit in practice can be related to its theoretical performance. 
Another valuable application of the sampling technique is that of monitoring 
the risetime of digital waveforms. For this purpose, the sampling pulse is 
moved in time over only a fraction of the period of the waveform on successive 
periods, so that the precise time at which the transition between the logic levels 
starts to occur may be precisely estimated. Further movement in time of the 
sampling pulse will eventually cause it to reach a stage at which the transition 
between logic levels has been completed, and the risetime may be defined as the 
amount by which the sampling pulse has to be moved between the initial 
detection of the start of the logic transition and the final detection of the 
completion of the transition. The use of very rapid, sampling (up to 20GHz), 
as reported by Menzel 38 , and Ura et a139 , willclearly be appropriate here. 
It may therefore be seen that the stroboscopic and sampling modes of the 
SEM allow analogue signals to be monitored as they progress through the 
functional blocks of the integrated circuit, and allow valuable information about 
the state of logic levels at given times and about the propagation delays of logic 
signals as they progress through the circuitry to be obtained. It should also 
be noted that the SEM imposes no capacitive loading on the microcircuit, so that 
119 
the result obtained, unlike that obtained with a mechanical probing system, 
does not contain a built-in error clue to the presence of the measurement 
transducer. Also, since no mechanical contact is required with the specimen 
surface, the same argument about the low probability of damage to the specimen 
as that which was used earlier to justify the development of the voltage probe 
in the first place still applies. The sampling SEM is therefore a tool which will 
clearly be of immense value in semiconductor diagnostics and failure analysis 
in the forthcoming years. 
6.5 THE DISPLAY 
The one remaining item on the list of factors to which attention might 
usefully be devoted with a view to making the voltage probe system a more 
viable tool for everyday use in semiconductor failure analysis is the means of 
displaying the result of the measurement once it has been made. In the 
previous chapter it was pointed out that the only measuring instrument which 
was needed for the system as it was finally realised during the course of this 
work was a voltmeter, which measured the size of a signal which was itself a 
direct measure of the potential on the specimen. It is therefore not difficult 
to envisage that at least once logical extension of this which is particularly 
applicable to the analysis of dynamic signals is the use of an oscilloscope, 
which will allow the waveform as it changes amplitude to be monitored. In 
particular, if the SEM is to be used in sampling mode, where a period of a few 
seconds might elapse before a complete picture of a whole cycle of the waveform 
could be built up, a storage oscilloscope might be needed. These ideas, however, 
follow directly from the original idea of the voltmeter monitor, and are not 
particularly devious or original. 
It is therefore pertinent to devote some attention to the prospective mode 
of operation of this equipment when all the various desirable modifications have 
been made. Inevitably, the specimen will be a microcircuit which is in some 
sense suspect, either because it has ceased to operate in its own environment, or 
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because it has failed to meet its specification while under test. In each of these 
cases, it is implicit in the fact that the circuit has been submitted for testing 
on the SEM that something is amiss. An obvious way of proceeding to conduct 
the tests on the SEM is therefore to compare the suspect circuit with a fully 
functional example of the same device. The question then arises of how this 
comparison may most usefully be made. 
In considering this question, it is important to realise that many modern 
microcircuits are exceptionally complex devices. In particular LSI (Large 
Scale Integrated) and VLSI (Very Large Scale Integrated) devices will contain 
amounts of circuitry which, if realised in discrete component "breadboard" 
form would occupy many printed circuit boards. It is therefore not difficult 
to realise that the failure of a single transistor, which would in all probability 
be sufficient to render the entire microcircuit useless, would be extremely 
difficult to localise. Clearly, some means must be found of obtaining a useful 
'overview' of the whole chip, and of comparing the voltage distribution at all 
points on a failed device with the voltage distribution which would prevail on 
a working device. The problem may therefore be reduced to two component 
parts. Firstly, some means must be found of meaningfully representing the 
voltage distribution across the whole of the device surface; and secondly, some 
convenient means must be devised of making the comparison. 
A system has been developed 40 in the University of Edinburgh, although 
not by this author, which aspires to solving the problem of the means of 
displaying the potential distribution across the surface of the microcircuit, 
and this is worthy of mention here. This system is designed essentially to 
display, in colour coded form, the results of potential measurements made by 
the secondary electron energy analysis system described earlier in this document. 
At present, the system is capable of displaying up to sixteen colour coded voltage 
levels. A possible example of a display would therefore result from. the 
examination of some device which, like most modern standard logic packages 
and many modern custoin designed integrated circuits, operated on power 
supply levels of zero volts and +5 volts. 	With the sixteen available colours, 
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voltage steps of one third of a volt could be accommodated, so that the potentials 
of all circuit nodes could be displayed to such an accuracy as to determine whether 
the node was at a logical '0', a logical '1' or at some intermediate level, in which 
case a malfunction could be diagnosed. 
Apart from giving a convenient means of displaying the potential distribution 
on a given specimen, this system has another significant merit which is worthy 
of mention, and which will also serve to illustrate how, in practice, the analysis 
of the failure of a microcircuit might proceed. In the entirely likely event of 
little or no information on the failure mode, or its possible location, being made 
available to the tester, it would firstly be necessary to narrow down the failure 
to a particular locality on the device, and then to a specific point. 	It is 
anticipated that this would be done as follows. 
The microcircuit would firstly have its complete surface scanned, point by 
point, by the potential measurement probe, so that a picture would be built up 
of the potential pattern across the surface. 	In the case of a small microcircuit 
this might conceivably be done by examining the entire die in one continuous 
scan, but for larger devices it would be more likely that the complete pattern 
would be built up by considering the specimen surface as being divided up into 
several rectangular areas. Whatever might be the scheme which was adopted, 
the information gathered would be fed into some form of memory. As 
presently implemented, the colour coding system has a semiconductor memory, 
but it could readily be envisaged that for a large device, requiring a large amount 
of storage if the potential pattern across the entire surface were to be stored 
complete, that the use of a magnetic tape recording system could be adopted. 
Again, however, the means of storing the information is less important than the 
fact that the information is stored, and can be recovered. The next step would 
be to examine; if available, a fully functional example of the same device, and to 
similarly store this information. 	It would then be a straightforward matter to 
read the two stored signals back into the inputs of either a digital or analogue 
comparator, so that an electrical signal would be obtained only when the two 
signals differed. By this means, some quite accurate idea of the location of the 
fault could be obtained, based on the premise that the physical flaw in the 
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device would not be far from the point at which the wrong signal was detected, 
or at least, that, from knowledge of the points at which the signal level was not 
that which was expected, it would be possible to extrapolate to discover at 
what point in the circuit, and hence in the structure, the fault lay. 
Essentially, then, the colour coding apparatus is useful primarily for 
providing a convenient and readily interpretable means of displaying the voltage 
distribution on the surface, while the most useful part of the system for many 
failure analyses would be the memory which would hold the data on the failed 
and functional examples of the device for comparison. However, since this 
comparison technique can be operated only if there is a functional example of 
the failed circuit type to hand, it is clear that the display of the voltage 
distribution would become the primary means of analysing the circuit. Here 
again, however, the use of some means of recording the performance of the 
circuit would be invaluable, as it would allow the slow-motion replay of the 
transitions of dynamic signals, and would allow the performance of the system 
to be closely examined over a substantial period of time without the necessity 
for prolonged exposure of the device to the potentially damaging effects of 
the electron beam. 
6.6 CONCLUSION 
It has emerged from the above that the keynote to the improvements which 
can be contemplated as being likely to improve the performance of the: system is 
automation. An automatic means should be found of making the potential 
measurement and, preferably, of making many measurements on a step and 
repeat vasis over the entire area of the specimen surface,. so that the overall.. 
potential distribution could be recorded, as mentioned above, without the 
need for tedious manual operation of the system. These points, together with 
the suggested improvements in the collection efficiency of the electron optical 
system, and the development of a fully feasible sampling system for the analysis 
of a.c. signals by the electron beam should convert this basically sound system 
into a very valuable tool for the use in the everyday run of work in the semiconductor 
failure analysis laboratory. 
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CHAPTER 7: CONCLUSION TO THESIS 
The principal stated aim of this work was to develop a secondary electron 
energy analyser which would be capable of analysing the energies of the 
secondaries emitted from a chosen point to a sufficient degree of accuracy to 
allow the result to be used to measure the degree of displacement of the energy 
spectrum from the zero position, the displacement being the necessary 
consequence of a change in potential of the point of interest. Further, it was 
hoped that the final system might constitute some improvement on previous 
systems which had sought to perform the same task, but which had all been 
characterised by some degree of success, but also by some deficiencies, such 
as the inability to measure potentials on positively biased areas of the specimen, 
or the ability to make measurements only if the point of interest were to be 
moved to the electron optical axis.of the SEM column. Structural simplicity 
of the system was also one of the initial aspirations, along with the ability to 
provide a reasonable quantitative model of the system which would to an adequate 
degree of accuracy account for the experimentally determined performance. 
In reflecting upon the work at the end of the experimental period it is 
reasonable to assert that these aims were realised to quite a substantial extent. 
The completed analyser was demonstrated to have the ability to detect clearly 
defined energy spectra of secondary electrons emitted from points which were 
biased from -30 volts to +30 volts. Within the capability of the measuring 
equipment to assess this, the shift of the spectrum along the horizontal axis 
was observed to be linear with change of specimen potential, and it was proved 
experimentally that there was no significant degradation of performance as a 
result of moving the electron beam anything UI)  to 0.5mm from the electron 
optical axis in order to make the measurement. Hence, an area of at least 
one square millimetre of the specimen can be covered without the need for 
mechanical repositioning. This has been accomplished by using a positively 
biased metal grid, 1mm above and parallel to the surface of the specimen. This 
grid has the two happy properties of cancelling the effects of the normal surface 
electric fields above positive conductor tracks, and of doing so over an area 
124 
of the specimen, and not simply at one point, as in several previous systems. 
It is specifically the cancellation of the surface field above positive tracks 
which gives the system its ability to make measurements on positive tracks 
since in the absence of a cancelling field there is a substantial retarding 
effect on the low energy secondary electrons due to the intrinsic surface 
field, and this results in the failure of the majority of these electrons to 
emerge into free space where they can be collected by a collector of whatever 
sort. If they are to be analysed, they must clearly be attracted away from 
the specimen surface and into an analyser of some form. In this particular 
case, the analyser has taken the form of an axially symmetric system of plates, 
each with a hole in the centre of a specified dimension. Electrons which 
have been set Off in an upwards direction by the high field attracting them 
away from the specimen surface enter the sphere of influence of the analyser, 
being slowed down by the first of the three elements, and either reflected or 
allowed to pass through and upwards by the second element. The deciding 
factor in whether they are transmitted or reflected is the relationship between 
the potential of the point from which the electrons were emitted and the 
potential of the central element of the analyser. It has been calculated and 
established experimentally that when the potential of the emission point on the 
specimen is more negative than the potential of the central element of the analyser 
the electrons are reflected, ie, they have insufficient energy to overcome the 
retarding electric field set up within the analyser. 	When the central electrode 
is more negative than the emission point, however, the electrons have sufficient 
energy to overcome the retarding field and to penetrate up into the upper reaches 
of the analyser, whence they are focused by the third and topmost element of 
the system, above which they are collected on a positively biased plate, which 
is connected to an electrometer amplifier which was specially developed for the 
purpose. The collected signal can, if the primary electron beam is-scanning a 
raster on the specimen surface, be used to modulate the brightness Of the display 
tube in conventional fashion, so that a visual image of the specimen can be 
viewed and an area of interest selected, after which the beam is put into 'SPOT' 
mode, where it is retained on one selected area. In this mode, the analyser is 
put into operation, with the central element being 'swept' from a potential 
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lower than that of the emission point to one higher than that of the emission 
point. Hence, at the start of the sweep, no secondary electrons are 
collected, and at the end of the sweep a maximum number are collected, 
so that the integrated energy spectrum of the secondary electrons is 
displayed on an oscilloscope monitoring the output voltage of the electro-
meter amplifier. In the event of a change in potential of the emission 
point, the integrated energy spectrum moves linearly along the horizontal 
axis, and the central plate is re-biased to restore the spectrum to its original 
position. The amount by which the central plate has to be re-biased in order 
to accomplish this is the measure of the change in emission point potential. 
Calculations have been performed which show that the system can be modelled 
mathematically, and that its performance can be accounted for in this way. 
However, this thesis does not contain large. amounts of formulae or information 
on long and detailed calculations, because the deliberate philosophy adopted for 
this essentially engineering exercise was that the most important single objective 
of the exercise was to develop a working system which could form the heart of a 
more complex system which would be suitable for use in a microcircuit failure 
analysis laboratory. Consequently, calculations were viewed in the perspective 
of being a means to an end (viz of making sure that the system worked along 
predictable lines, and that its mode of operation could be satisfactorily explained), 
and not as an end in themselves. For this purpose it was decided that a full 
scale exercise in computer programming was inappropriate, although a certain 
amount of computing was done in order to ascertain its usefulness. It was 
decided, however, that the method of calculation which was developed by using 
a programmable calculator provided acceptably accurate answers with an 
acceptable commitment of time. This statement is endorsed by the fact 
that calculations were performed on the system before it was implemented, and 
that the experimentally determined performance agreed very well with that which 
was estimated from the calculations. 
It might also be thought that the literature survey is unusually brief for a 
document of this type, but again the literature was consulted not simply for the 
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ethereal pleasure and procedural correctness of consulting literature, but as 
a source of specific information and inspiration. 	Hence, most of the 
significant attempts at a similar exercise have been considered, and 
inspiration has been drawn from the more distinguished and successful 
of these attempts. Nevertheless, the system which has been described 
here is identical to no other which has been detailed in the literature to date, 
and it is believed Ahat its merits compare very favourably with those of any 
other system of which details have been published. 
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ADDMflTV A 
THE CALCULATION OF FIELDS AND TRAJECTORIES 
A.l : ANTRODUCTION 
Examples have been given in the text of various electric 
field distributions and electron trajectories which were calculated 
during the course of this work. 	As none of these calculations 
were performed in outstandingly original or revolutionary ways, 
it has been deemed appropriate not to give details in the main 
body of the text, but to convey the basic principles here. 
A.2 	CALCULATION OF ELECTRIC FIELD PATTERNS 
In line with standard practice, electric field patterns 
have been calculated in one of two ways. 	Inevitably, they have 
been represented as potential distributions in the space between 
electrodes, and, where possible, analytical solutions have been 
found. 	In practice, this has only been the case in the region 
between the specimen and the grid monitored above and parallel 
to it. 	Figure 5.4.4 in the text has shown the trajectory of 
an electron travelling between two conductors, spaced 1 mm apart. 
The bottom conductor may therefore be taken to represent the 
specimen, and the top one the mesh situated above it. 
LLi 
A. 2 
The potential distribution shown in Figure 5.4.4 is of course 
a trivial analytical solution; two parallel conductors have 	- 
between them a straightforward linear potential field. 	However, 
in the cases of Figures 4.3.3 and 5.4.3, the electrode shapes are 
toocomplex to allow such a simple evaluation of the field 
pattern. 
In these cases it has been necessary to return to fundamentals, 
remembering that the potential distribution in a region of free 
space in which no source of charge exists, the potential distri-
bution is defined by the Laplace Equation. 	In the case of the 
system of Figure 4.3.3, planar symmetry in the plane of the 
illustration has been assumed, and in the case of the cylindrical 
e Ls system of Figure 5.4.3, axial symmetry about the electron 
optical axis has been taken into account. 	It has therefore been 
possible in both of these cases to reduce the Laplace Equation 
from its full three-dimensional form to a much sinpler two-
dimensional case. 
However, the analytical form of solution even in these 
simplified cases, has been impossible to produce, and the much 
easier iterative form of solution has been adopted. 	For this 
purpose, the standard procedure of reducing the Laplace Equation, 
firstly in Cartesian form for the system of Figure 4.3.3, and 
secondly in cylindrical co-ordinate form, has been reduced to 
a specific form,..and a grid pattern has been superimposed on each 
A.3 
of the two systems. 	Here, it is considered that only points 
at intersections of the grid patterns have defined potentials, 
and the special form of Laplace's Equation is derived to specify 
the potential of each grid point in terms of the potentials of 
its four immediate neighbours. 	Hence, by evaluating each grid 
point potential in turn as a function of the four neighbouring 
potentials, and by repeating this process round the grid until 
successive answers for each point agree to an acceptable degree 
of accuracy, the overall potential distribution can be built up 
by performing the same repetitive but simple calculation many 
times. 
A.3 : ITERATIVE FORM OF LAPLACE'S EQUATION FOR PLANAR 
SYMMETRY SOLUTION 32 
Referring to Figure 4.3.3, the distance between mesh points 
may be considered in general to be h (where h in this case = l25 mm). 
The general two-dimensional form of Laplace's Equation in Cartesian 
Co-ordinates is given by 
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Referring to Figure A.l, which may be taken to represent 
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and re-arranging, 
V0 = ( V 1 + V2 + V 3 + V 4 )/4 	 ... (A.8) 
Hence, in the case of planar symmetry, the potential of 
any point is given by the simple average of the potentials of 
its four immediately neighbouring points. 
A.4 : ITERATIVE FORM OF LAPLACE'S EQUATION FOR CYLINDRICAL 
SYMMETRY SOLUTION 
The reasoning in deriving an equation arialagous to A.8 
for the cylindrical symmetry case is similar, but is complicated 
by the slightly more complex forM of Laplace's Equation which 
must be taken as a starting point. 	Figure A.2 illustrates 







The two-dimensional form of Laplace's Equation in cylindrical 
co-ordinates is given by 
az 	 Dr 
- 
By reasoning sinilar to that applied in the previous section, 
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Dr 	 h 
Hence, 
- V 1 + V 3 - 2V0 	
•... (J\.13) 
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If now n is an integer defining the number of mesh points 
from the electron optical axis to the point 0 (so that •n = 1 
in the case of Figure A.2), then for any point on the mesh, its 
distance r from the axis is given by 
r = 	nh 	 ... (A.15) 
Therefore, substituting back into equation (A.9) 
	
V 1 +V 3 -2V 0 	1 	V 24240 
=0 
h2 	 2 	 h2 
(A.16) 
V 2 	V 
Hence, V 1 + V 3 - 2V0 + - + V 2 + V4 - 2V 	= 0 ... (A.17) 
and so, 
V0 	{V + V3 + V 2 (1 + 	) + V 4 (1 - 	)}/4 
(A.18) 
It may therefore be seen that in the cylindrical symmetry 
case, the potential of the central point is given by a "weighted 
average" of the neighbouring potentials, with the weighting being 
determined by the distance of the point of interest from the axis. 
Equations (A.8) and (A.18) were used to calculate virtually 
all potential distributions during the course of this work, 
and Figures 4.3.3 and 4.4.1 were derived from the former, and 
Figure 5.4.1 from the latter. 
A.5 : THE CALCULATION OF ELECTRON TRAJECTORIES 
Except in the simple case of the motion of the electrons 
between the specimen and the attracting grid above it, all 
electron trajectories which were plotted during this work were 
calculated from the first and second of the standard constant 
acceleration equations, viz 
S = ut + I at 	 (A.19) 
V = u + at 	 ... (A.20) 
where 	t = time, 
s = distance travelled in time t, 
a = acceleration during time t, 
u = velocity at beginning of time increment t, 
v = velocity at end cf time increment t. 
The procedure was as follows. 	Figure A.3 illustrates an 
electron entering a mesh square whose four corners are at 
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The electron is travelling with velocity v which may be 
rationalised into horizontal and vertical (x and y) components; 
A time increment, t, is defined, and the motion of the electron 
is considered to be quantised into units of this duration. 
The time increment is selected so as to allow the electron to 
travel no more than one mesh pitch in either direction in one 
increment. 	In each time increment, the rationalised components 
of distance travelled and terminal velocity achieved are 
calculated, and the latter are used as initial velocity values 
for the next time increment. 
The estimation of the acceleration in the time increment 
is clearly the critical matter, and this is done by selecting 
the most significant potential gradient in each direction. 	For 
example, the electron of Figure A.3, with components of velocity 
in the +ve x- and +ve y-directions will be affected most 
V 1 - V 4 
significantly by the electric field 	 . In cases where 
it is equally clear that one or other pair of potentials will 
define the most signficant horizontal field, a similar 
expression may be used (eg, 'V 3 - V 4 /h). 	Where it is not clear 
which horizontal field increment will be most significant, the 
average of the two most likely contenders is taken (eg, 
+ V 4 )/h + (V27 V 1 )/h}/2.If necessary, the same procedure 
is adopted in the vertical direction. 
A.10 
The acceleration is therefore calculated from the simply 
derived relationship, 
a
F 	- .! 	
3 - 
	
- m - m - m 
h 
(A.21) 
where F is the force on the electron, m is its mass, e its 
charge, E the electric field strength, and h the mesh spacing 
as before. 
In practice, as mentioned in the text, it was found most 
convenient to perform these calculations on a programmable 
calculator, for which a program was developed which allowed 
the operator simply to enter the only quantities which varied 
from one time increment to the next, ie, the voltages defining 
the prevailing electric fields. 	Equations (A.19) and (A.20) 
were then evaluated automatically in each direction, expression 
(A.21) having been substituted in them for the term a. 
By way of illustration of the accuracy of this technique of 
trajectory plotting, Figures 5.4.4 and 5.4.5 in the main text 
have compared the analytical solution to the problem of an 
electron travelling between parallel conductors with the trajectory 
plotting technique. 	The two answers are shown to be similar to 
an acceptable degree of accuracy. 	An interesting extension to 
this is 4iown in Figure A.4, which shows the parabolic trajectory 
A. 11 
of an electron in the space between specimen and grid, and 
follows the trajectory to the point, 8mm above the grid, where - 
the electron strikes the tube wall, thereby accounting for the 
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